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³L­ 
 
A ϠÆʜσ˙  [m2] 
c Ϡɞʜ  [W/(kgϦK)] 
C ϠɢʇɸʒƲ  [mass%] 
D Ϡò˧ʿǁ  [m] 
d ϠɞΙ  [-] 
h ϠʜÆΌʦ  [W/(m2ϦK)] 
HLB ϠʱσɳǒĈ9 HLBÜ 
I Ϡξɴ  [A] 
IPF ϠɣçŞʦ  [mass%] 
K Ϡ÷Ōʔΰ¢Öș  [(KϦkg)/mol] 
L Ϡ̰̓ʎʜ    [J/kg] 
m ϠͤΛ  [kg] 
M ϠûŵΛ  [g/mol] 
Nu Ϡ{smwș  [-] 
P ϠaaΖɴͬƪ    [mm] 
PIT ϠͰˀʀƲ  [°C] 
Pr Ϡwș  [-] 
Q ϠË˙ɴΛ  [L/min] 
q ϠʜɴȻ  [W/m2] 
r Ϡɴ΂ɞ  [-] 
R ϠͤΛʒƲ  [mol/kg] 
Re ϠX}lș  [-] 
Re* ϠÚəX}lș  [-] 
ReD Ϡò˧ñǁk9X}lș  [-] 
S Ϡ˧§ǋΫͪμ  [mm] 
 2 
Ste ϠkuUș  [-] 
T ϠʀƲ  [°C] 
Tbx Ϡx9É̋6OaɺıƬŐʀƲ  [°C] 
Twx Ϡx9É̋6OšσʀƲ  [°C] 
u Ϡɴ΂  [m/s] 
V Ϡξō  [V] 
X’ ϠɴPȠĴʖɗæͪμ  [mm] 
x ϠčʜΪŲʔM9ͪμ  [m] 
 
*'qX
α ϠʜǴȘÖș  Ϣm2/sϣ 
θ Ϡ͂Ʋ  [deg.] 
µ Ϡ˭ǒÖș  [PaϦs] 
ν Ϡđ˭ǒÖș  [m2/s] 
λ ϠʜÆƎʦ  [W/mK] 
 
X
0 Ϡ͍ϓΖìīMȱþ9ȮNΖD2 
bx Ϡx9É̋6OaɺıƬŐ 
D Ϡò˧ñǁS¿̵Ψ"3&O 
eff Ϡ̽¡ 
FR Ϡčʜò˧ĆȠϛθ90°Ϝψœ 
H ϠɢƬȠĴ 
h Ϡʀɢ 
I Ϡɣ 
Is Ϡɣk 
in Ϡ͍ϓΖìī 
L Ϡɢʇɸ 
 3 
M ϠͤΛ 
m ϠƬŐ 
max Ϡȱŧ 
mix Ϡɺı 
mol ϠʠͤΛ 
T Ϡw~k 
v ϠË˙ 
V ϠΡʿȠĴ 
W Ϡ˳ɢ 
wx Ϡx9É̋6Ošσ9Ü 
X' Ϡʖɗæͪμ X'6OƔǢʻ5Ü 
θ Ϡ͂Ʋ θ9É̋6OƔǢʻ5Ü 
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1.1 «s 
 ˀŤĔk3:ϝˀŤĔSÇŌË˫ŵŌˀ3$1Ǟʑ$+k
ϛŌɸ³ˀɴËϜŚ˓&O̩ͅ2OϞˀŤĔk9§2ϝŌˀ6ˀŤ
Ĕʠͤ3$1ɣSʬ+H9:̠ʻ6ɣkϛice slurryϜ3ļ;POϞɣ
k:ϝɍ5ûΚ61åP+õʜŴË3$1ʬMP1OϞ 
 ɢ3ʠͤ:ϝ)9ɞʜL=ʎʜ9ŧ"MåP+̬ʜŴË3$19
ßσSǷ.1OϞɣ9̰̓ʧ͝6ɰʾ&O3ϝ1 kg9ɣ 1 kg9ɢ6ˀŤĔ
&Oη6:ʎʜ3$1ťΖM333 kJH9ʜΛSĶĨ&O 3R.1Nϝ
 9ʜΛ:Ĳ%ͤΛ9ɢϛɸËϜ9ʀƲ 80 K¡Ȥ&O36ťΖMĶĨ&
OʜΛ6ˀƼ&OϞ 9 3Mɣ:ϝ½9ɸË6ɞAŧ5ɞʜSǷ/ 3
˄MP1Oɢ3ɞͳ$1HϝĜÉͤΛ+N6ςƩ6ŧ5õʜS̬O
 3Ĭ̖5̬õʜŴË3̽5& 32OϞ$$5Mɣ:)P̝Ë
ɴđ&O 325ŌË2O 3Mϝʎʜ9ƽ2ɣ6õʜS̬OΊ
˖ϝ&5R-̹ɣΊ˖Iϝ̬MP+õʜSťΖ6ĩNú&Ί˖ϝ&5R-õ
ʜāʬΊ˖615;Ȟʜȹ9L5ǀĊSɂ+$1$DϝťΖ39Ϋ
2͸΂5ʜ·ȄS̱6:£Ĵ5ʡǒSȳ$1OϞ 
 Ƞϝɸˀ2OɢD+:ɢʇɸ:ϝ̬õʜƅƲ61ɣ6ĎOϝƊɴ
6L.1ʜÆΌʦS¡Ȥ"(O 3Ĭ̖2NϝD+õğƊ͝ʠË6ƅ˃$ϝ
)9í̵σSēE F 32ȱŧα9Æʜσ˙SˋØ&O 3Ĭ̖2O+
GϝåP+ʜÆΌʡǒSǷ/õʜŴË,3ͅ 32OϞD+ϝɢʇɸ:
ŌË2Oɣ3ʴ5N˧ͬ6LOʹͽĬ̖2O+Gϝõʜʹͽ6+.1
¹ǣI[|`Sŧƪ6˨˲2O3āʔSHÎ(Ƿ.1OϞ 
ɣk:ϝÀ¡6ͼA+ɣ3ɢʇɸ9ΨǢSÎ(Ƿ.+õʜŴË2Nϝ
)9žʬĔ9þȵɛγ61:©6˛͗Sʾʻ3$+qXysaŒɣ̬ʜ
iku6OõʜŴË3$1ĩNǤRPϝ)9ʫǟȠɮϝʜʠǒϝɴđ
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L=ʜÆΌʡǒ6ά&OŦ9ˇ˚5"P1+Ϟ 
$$5MϝɢIɢʇɸ9ŌɸΫ6Oŧ5ˀŤĔʎʜSāʬ$1̬
õʜS̱3ġʩ¡ϝɣk:ƃĽʻ6)9ʀƲɢIɢʇɸ9Ƭ̴
ö˸ʀƲ2O 0 °CÀ¢9ψœ6ǱȻ"PO3Ă˲S͟.1OϞ P6
Ɗ$1õǡSʾʻ3$+˛͗iku6ʬMPOõʜʅ9ȱΏʀƲ: 10 °C
˖ƲÀ¢2Nϝǌ̻À¡6ÊʀƲ2̬õʜS̱R#OSǆ5ɣk
9āʬ:ϝikuíË9ĐʦÊ¢Sǲ1O39ǸȊǅȽM5"P1
+Ϟ 9L5̔ȫ9H3ϝ˛͗ûΚ6Oɣk9ǀĊ:ϝLNϔ
÷ŌʔSH/ˀŤĔʠͤSʬ+½9ʎʜ̬õʜk63.1¿RMP
//O9ʧʢ2OϞ 
)9Ƞ2ϝ͹ƭϝɣk9ȟ+5āʬȠɮ3$1)9Ǒ΂ʜÆΌʡǒ
5M=6Êʀψœ6OʀƲØǷǒ6˃˂$ϝϏŀõöIÊËʀʸɮ6
OõğŴË3$1ɣkSāʬ$L3&O͍E̽MPOL65.1
1OϞɣkM9ǿõʜȪ6OɴđL=ʜÆΌʡǒ6ά$1
:ϝ˛͗@9āʬS̔ȫ3$1ɣk˧ñSɴPOřı6˃ʾ$+ˇ˚
Ŧ̽ĪMPOϝõʜŴË3$1ʠËSťΖMõğ&OřıSĩNǤ
.+ˇ˚:ȷ,Ɛș2OϞ 
 Ƞϝ͹ƭϝȷāʬ[|`ȳĐāʬ@9άǋ9ϔDNSĪϝɣk
3Ĳɍ6ɴđǒSH.+ʎʜ̬ʜȹ2OˀŤĔy}[iɰʾ"
P1OϞˀ ŤĔy}[i:ϝʵ ɢǒ9ˀŤĔʠ ϛͤPCM: Phase Change 
MaterialϜy}kcO:)P6ʆ'OɊG1ǉƏ5˫ŵ9ƽǙS3.
1ɢ§6Ǟʑ$ϝ[i3ļ;POʟ­ʢ9ûȘ˱Sƽǟ$1Oʎʜ
̬ʜŴË2NϝPCMŌˀ35OȼÂ¢61HϔɴđǒS˾Ƿ&O 
3Mϝʎʜ6LOϔƅƲ̬ʜ6č1̡ů5ʹͽǒ5M=6ʜÆΌʡǒί
¤"P+ϔɕ̖5̬ʜŴË3$19āʬɈ͇"P1OϞ 
 "M6ϝˀ ŤĔ[i:)9ñΖ9 PCM)9ˀSŃR'6ɢ3ûμ
$+˫ŵ9ƽǙS˾Ƿ$ϝ5/[iíË3$1:ɸË9Ĝˀɴ3
Ĳɍ6ǺO̟+Gϝ˫ŵ9ŗ˙6LO˧ͬ9ΩŜϝPCM9÷ŌȪ6OÆ
 6 
ʜσ@9¾˃ϝL=ŌË˫ŵ9ÝŎ6LOʡʴ5ɴPř9ʹʫ54ϝLNŧ
5˫ǁ9PCM˫ŵ3ɢ9ɺıʠ2OˀŤĔk9žʬĔ61Ńό
̾"P1+͙ʧ͝ʹʧ$63ǒͤSH/Ϟ 9 3MϝˀŤĔ
[i:ϝˀŤĔk3ɞͳ$1LNư˩5ʬ΀6Ĵ+Ŧɍ5ʜ
ɕŅ61ϝĩǤ¡9ʚλ"SD7P+ɧʬǒ9ϔ̬ʜϦʜʹͽŴË3
$19āʬȵǂ"POϞ 
 
 
 
 
 
 
 
 
 
  
 
 
Fig. 1-1  Ice slurry 
 
 
 
 
 
 
 
 
Fig. 1-2  Nano-emulsion 
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1.2 hx 
 ɣk6ά&OΊģ9ˇ˚:ϝɣ̬ʜiku6OɴđǒSÇ.+
ϔƅƲ̬õʜŴË3$1Ǽ//ʹƖ$1+ßσNϝ¢6ˎ& 3 /9û
Κ6ŧĀ"POL2OϞ  
 
ϛϜɣk9ʜʠǒL=ʫǟǣɛϛ̬ʜϜ 
ϛϜɣk9ɴđʡǒϛȈͽϜ 
ϛϜɣk9ʜÆΌϛǿõʜϜ 
 
À¢6ϝ)P*P9ˇ˚ɋ̻SͼAOϞ 
 
ϛϜɣk9ʜʠǒL=ʫǟǣɛ 
 ɣk9ʜʠǒ6ά$1:ϝMelinder MˀƬ̴ʢǙ6Oɣk
9͙ʠǒS͆ʁ$ϝƯ˗ώ9ʠͤɍ5ʒƲ2ɻč"P+ɢʇɸSʬ+
ɣk6/1ϝ)9ʀƲ3ɣçŞʦ9ˀάϝ5M=6ʀƲ3ɣk
Øȳ&O[p9ˀάM̽¡9ɞʜS̽˙HNϝʀƲ3þȵɢ
ʇɸʒƲM͙ʠǒS˄O 32O˯ƅ5͢Ȝ[1]SȃÑ$1OBϝđ˭
ǒÖșIʜÆƎʦ3.+Ƭ̴ʢǙ61:Ž̍25ʠǒÜ[2]SHȦM
6$1OϞɣk9ʫǟȠɮ6ά$1:ϝː ͻM[3][rbe
ɢʇɸ9Ǔʀõğσ¡6Oö˸ǹđ6/1ˇ˚S̱ϝõğσMĉ
μ$I&ϝ/˴˫ŵʢ9ɣ˸ȬSʫǟ&OõğȼÂS̓Ȧ$ϝɢʇɸ
9ö˸ʧ͝S)9DDāʬ&O 32Ƃȧ6ɣkSʫǟ&OȠɮSȃɅ
$1OϞD+ϝInaba M[4]:ɣk9ɴđǒS˾Ƿ&O6+.1Ńό3
5Oɣ˫ŵ9÷κSǧĂ&O+Gϝ£öĔpaͤSɻč$+ɣk9
ȃɅS̱.1OϞ 

ϛϜɣk9ɴđʡǒ 
ɣk9ŧ5ΨǢ3$1˧ͬ6LOϔƅƲ5õʜʹͽĬ̖2Nϝ
 8 
ǌ̻5ʜʹͽΛ6Ɗ$19ɴΛL=ɷ͡ξċ9ąɾĬ̖35O 3
ǹMPOϝ̠ʻ6ʹͽ6+.1ĲɴΛ9ĜˀɴË3ɞͳ$1ŧ5
ōċȇŬSˎ& 3˄MP1OϞ 9 36ά$1ƝěM[5]ò˧ñSɴP
Oɣk9ɴP9ʢǙ6/1Ɉ͇S̱.1NϝɢʇɸʒƲϝɣçŞʦϝ
ɴ΂ōċȇŬL=ɴđȮ̂6¤OƿτSȦM6$1OϞKitanovskiM
:ϝɍ5ɢʇɸSʬ1ʫǟ"P+ɣkSʬ1ǆMP+vpS˺
ı$ϝ̠ʻ5zwɴË9˧ñōċȇŬ9͆˦6ưʬMP1O
Darcy-Weisbach 9Ʒ6L.1Ž̍"PO˧ȋȐÖșSϝΊģ6ȃɅ"P+\
j6OvSΏʬ&O 32ɣk9˭ǒÖș9΂ƲÒŸǒS
̏ǜ$1ȁŽ&Oʩ͘9Ɍ˪S̱.1O[6]Bϝɣ˫ŵ9ÝŎ6L.1ςŐͤ
35.1OɴPSHĵG1ɣk9ōċȇŬ6ά&Oˇ˚9κŧǟ[7]S
͍E1OϞ 

ϛϜɣk9ʜÆΌ
ȸˇ˚3ȱHάÖ9ɹɣk9ʜÆΌ6/1:ϝɣkqX
ysaŒɣ̬ʜiku6O̬õʜŴË3$1ǼMP1+ 3S̔
ȫ3$1ϝ)9ŧę˧ñɴS:%G3$+ñΖɴPSĩNǤ.+ˇ˚2Nϝ
§2HɢƬò˧ñSɴđ&OřıSĩNǤ.+ˇ˚ [8]-[10]șŦ̽ĪMP
OϞ EgolfM[11]:ϝ PMŦș9˧ñɴ6OʜÆΌ6ά&Oˇ˚Ś̿$ϝ
{smwșL=ęǁȠĴ6OʀƲûƤ6ά&OΊģ9ˇ˚9ȚʩS̱
33H6ϝɣ˫ŵ3ɸˀ9ɺıƽǙ6ÒŸ$ϝ5/͆ʁ&Oη6ΨȪ
ΫkcS̻&O+GžʁɊG1ν$3̏MPOɣk9ʜÆƎ
ʦS°ʁ&O+G9v9ȚʩS̱.1OϞ 
ò˧ñÀť9ñΖɴP6ά&Oˇ˚3$1ϝƝěM¡¢6čʜσSȳ&O
ɢƬ˅ƽɴͬñ6Oɣk9ʜÆΌ6ά&Oˇ˚S̱ϝ¡¢σ6
Oɣk9Ȁ̈́ʢɭ9ƢʴLOʜÆΌ9΍SȦM6$1O[12]½ϝ
ͺ$xSɴPOɣkñΖ61ʹʫ&O³ɗɴPʜÆΌ6ĥC
&ƿτ6/1Ɉ͇[13]S̱.1OϞ 
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À¡6ǹ+ñΖɴPÀť9ˇ˚ϝ&5R-ʠËĺN6Oɣk9
ʜÆΌ6ά$1:ϝ˧ñɴ3ɞͳ$1ςƩ6Ɛș2OH99ϝːͻM[14]ɣ
kM9ϔĐʦ5ǿõʜ6Ĵ1ϝčʜò˧DRN6ʄ+"P+ɣk
§6˛ɡSķͶF 32ɴđƘSƽǟ$+řı9ǿõʜʡǒSȦM6
$1O½ϝƙʭM[15]ɣkρɘƘñ6̋P+čʜò˧ĺN6O
ɣ˫ŵ9̰̓ǹđŚƈ$ϝ)9ÆʜɕɌS̓Ȧ$1OϞ D+ϝThongwik
M[16]ɣkρɘɎñ6ɶʍ"P+eXñ6Ʃʀ9ɢS΁& 36LO
ǿõʜȠƷ6/1Ɉ͇S̱.1O54ϝʠËĺN6Oɣk9ʜ
ÆΌ6ά&Oˇ˚:ϝŧ5[|`kSÇɣk9˧ñ6O
ƻĂƊɴSǍΓ$ϝđċSāʬ('6ɣkMõʜSĩNú& 
3Sʾʻ3$+ʹǗ9H36̱RP1OH9/̽MPOϞ 
 PD2ͼA1+L6ϝɣk6ά&Oˇ˚:ɣ̬ʜiku6
OõʜŴË3$19āʬSʾʻ3$1̱RP1+H9ŧΖû2OϞ$
$5Mϝ0 
À¢3ΊƲ6ÊʀƲœD2õğS̱R53ʎʜ̬ʜ
S̱53ɖʔSȳ&Oɣk9āʬ:ϝõöɕǟ̈Öș9Ê¢I
Øõʜǒ9Ê¢54ϝikuíË9ĐʦÊ¢Sǲ1O39ǸȊǅȽ
M5"P1+Ϟ 9L5̔ȫ9H3ϝɣk9¿ȰʜŴË3$1LN
ϔ÷ŌʔSH/ˀŤĔʠͤSʬ+½9ʎʜ̬õʜk/ȃɅ
"PO 335.+Ϟ 
Ð;ϝΠȶM[17]:ϝ)9̬ʜʀƲœSƪư͉Ž&O 32Oɢľʠ
k9ȈͽǒL=ʜÆΌ6/1Ŧσʻ5Ɉ͇S̱ϝɣk3Ĳ
ɍ9Êʀ˱6č1÷ŌʜÆΌ6LOϔʀ˱H̾Κ6ìP+ŏœõȭǡiku
9Ɍ˪Sʾʻ3$+ˇ˚S̱.1OϞD+ϝKumanoM[18]:ϝɣkL
NIIϔʀƲ6O̬ʜ9Ĭ̖5 TBAB ɢľʠkSɣk9¿
ȰʜŴË3$1ȃɅ$1OϞ 
  9L5̔ȫ9H3ϝ͹ƭϝɣk9ȟ+5āʬȠɮ3$1)9Ǒ΂
ʜÆΌʡǒ5M=6Êʀψœ6OʀƲØǷǒ6˃˂$ϝqXysaŒɣ
̬ʜikuÀť9ûΚ6OʜŴË3$1ɣkSāʬ$L3&O
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͍E̽MPOL65.11OϞÐ;ϝBellas M[19]:ϝ͹ƭ6O
ɣk9ˇ˚đĴS͗Ʉ$ϝžʧ9̽ͶEŧɣkSʬ+˛
͗ikuIϏŀõöiku9˵»S̱.1OϞ"M6ϝDavies[20]:ϝɣk
SåP+ʜ·ȄŴË3$1Ǽ+ɍ5ȟ$ʬɮS˵»$1OϞÐ
;ϝɣkSņο&O 32ťɡ39Ϋ6OÆʜσ˙Sưϝõǡ
Iɷʓɳđ549ɡËõğ6āʬ&O͍EIϏŀƟř6OɱĈ3$19ā
ʬ546čϝϕIɂʠ549ʠËõğϝĖʸ9ûΚ6OÊËʀʸɮ@9
āʬ54ϝǃͼ&Oȸˇ˚9ʾʻ6LÈ+́ʔMȟ+5ɣkāʬɮ
9ȃͅS̱.1OϞ 
 ɣk3Ĳ%ɸË6ˀŤĔS̱ŌË˫ŵSɻč$+ˀŤĔk
6LOÆʜ×Ά6ά&Oˇ˚3$1ϝªØM[21]Xa]mñ6ˀŤĔ
ʠͤSƌì$1ɸ§6Ǟʑ"(+ϝRKOXa]mĔˀŤĔʠͤ
ϛMCPCM: Micro enCapsulated Phase Change Material Ϝk9ȃɅS̱.1
OϞMCPCMk:ϝ ɸˀ3ˀŤĔʠͤXa]m3ʜǬ
Ǩ̻ňS»$1ʜÆΌS̱+Gʜ̦͟6Ɗ&Oǎˣǒ6ĎNϝ5/X
a]mˈȇ&O3Ïʬ&O 3255O3ŃόʔOH
99ϝ½9ˀŤĔk61Ńό̾"P1+ˀŤĔʠͤ9šσ@9¾
˃ϝ˫ŵĲţ9÷κI\kwxʛǟ6LO˫ŵ9ˬŧĔ549ʧ͝ͧ 
M5ϝĩNǤI&ˀŤĔk2OϞ 
 
 MCPCMk6ˠı&OˀŤĔʜŴË3$1ϝ͹ƭϝRKOˀŤĔy}
[i9ȃɅ̱RP1OϞˀŤĔy}[i:ϝʵɢǒ9ˀ
ŤĔʠͤy}kcO:)P6ʆ'OɊG1ǉƏ5˫ŵ9ƽǙS3.
1ɢ§6Ǟʑ$ϝ[i3ļ;POʟ­ʢ9ûȘ˱Sƽǟ$1Oʎʜ
̬ʜŴË2OϞˀŤĔy}[i:ϝˀŤĔʠͤŌˀ35OȼÂ¢
61HϔɴđǒS˾Ƿ&O 3MϝˀŤĔk3Ĳɍ9ϔɕ̖5
ʜŴË3$19āʬȵǂ"POϞ"M6ϝ˫ ŵɊG1ǉ˴2O 3Mϝ
ûȘŻŽǒ9ϔ[i9ʫǟ6ǟČ&P;ϝ˧ͬ9ΩŜI˫ŵ9ÝŎ
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6ͧň&Oʡʴ5ɴPř9ʹʧ54ϝĩǤ¡9ʚλ"SëP+Ŧɍ5ʜɕŅ
619āʬȵǂ"POϞˀŤĔy}[i6ά&Oˇ˚3$1ϝ
SchalbartM[22]Ɛ5[|`ɷ͡Λ2ʫǟĬ̖5PIT­ĔɮϛϠͰˀʀƲ
­ĔɮϝPhase Inversion Temperature ­ĔɮϜSʬ1ʫǟ$+[i9
͙ʡǒ6ά$1ŘĹS̱.1O½ϝFumoto[23]M˧ñ6OƻĂƊɴʜÆ
Όʡǒ9͌Ó6č1\j9́ʔMōċȇŬ9͌ÓS̱.1OϞ 
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1.3 v 
 Ć˨6ͼA+3NϝˀŤĔkIˀŤĔ[i:ϝŌɸΫˀŤ
Ĕ6O̰̓ʎʜSāʬ$1ϔƅƲ̬ʜS̱ 32O 36č1ϝ
ˀŤĔʠͤ9ˀ6RM'ϔɴđǒS˾Ƿ&O3ʡΨSá+ɕ̖ǒ
ɴË2OϞ 
 ȸˇ˚:ϝɣkL=ˀŤĔy}[iSƊ͝6ϝĆ˨D26
ͼA+̔ȫSͭDϝ)P*P9̬ʜȏÍʀƲϝ&5R-ʎʜ9āʬ̱RP
OˀŤĔʠͤ9̰ʔO:÷Ōʔ6Ώ$+ʬ΀@9āʬSǐω6̋+Ŧσ
ʻ5žϓʻɈ͇Sʾʻ3$1OϞ  
 ˡ2˞Mˡ5˞D261:ϝw~kɢʇɸSɸˀ3$1ʬ+ɣ
kSƊ͝6ϝ)9Ǒ΂õğʡǒSȳĐāʬ&O 3Sǐω6̋+ƻĂ
ƊɴʜÆΌ6ά&OžϓʻɈ͇6ά$1ͼAMP1OϞ 
 ˡ6˞L=ˡ7˞61:ϝɢʇɸ9ö˸ʧ͝Sāʬ&O+GõʜŴË3
$1$āʬ25ɣk3ʴ5Nϝʬ΀6ǎ%1ɍ5̰ʔSȳ&O
ˀŤĔʠͤSāʬ2OĬ̖ǒSH/ˀŤĔ[i9ϝʜŴË3$19
žʬĬ̖ǒ6ά$1̱.+͙Ɉ͇6ά$1ͼAMP1OϞ 
 À¢6ϝİ˞!39ʾʻS͈&33H6ϝȸ͘ț9˞ɌǟSˎ&Ϟ 
 
2 6¶)*0¹j 
 ɣk:ϝ PD2©6˛͗ɕŅ54ϝʫËIĺŊʪşMδ˻"P+
ɕɆñΖ9Ω%+ψœSǈʪ&OõʜŴË3$1ʬMP1+Ϟ)9+Gϝ
ɣk6ά&O PD29ˇ˚:ϝɣkʫǟ6Ώ$+ö˸ǹđSˎ
&3ʩʮMϝɝǒSǷ/[rbe549ɢʇɸSɸˀ3&O
ɣkS)9Ɗ͝3$1+Ϟ 
 ȸ˞:ϝˡ3˞Mˡ5˞61ͼAOϝϏŀIĖʸ54ʫË3ƅȀ6άR
NSH/ûΚ@9ǎʬ6Ĵϝȟ+6ʫËL=ʪş63.1̦͟9Ə"w
~kɢʇɸSʬ+ɣkSʫǟ$ϝ)9ʜʠǒSțʥ͗ɄL=
žʁ6LNǦȅ&O 3Sʾʻ3$1OϞ 
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
3 D= O)*0E5Â 
 Ć˨2ͼA+3Nϝɣk9ʜÆΌ6ά&OΊģ9ˇ˚:ϝʜ·ȄŅ
ñΖ6OǈʪSǗŽ$+˧ñɴSĩNǤ.+H9Ŧ̽ĪMPO96
Ɗ$ϝʠËSťΖMõğ&Ořı6OÆʜʡǒ6ά&Oˇ˚:ϝ˧ñS
ɴđ"(Oη6ǌ̻35OđċS˨˲$//ɣkM9ǿõʜS
̱ 3Sʾʻ3$+H9/̽MPO˖Ʋ6&5Ϟ 
 ȸ˞:ϝ̰̓3Ɗɴ32/9Æʜ×Άňŵ9˶EıR(6LNH+M"P
Oɣk9Ǒ΂ʜÆΌʡǒSϝϏŀõö546OʠËõğ6˙Ɋʻ6
āʬ&O 3Sǐω6̋ϝʠËĺNSɴPOɣk9Æʜ]zl6
ά&OŔˍʻ˄̽SǆO 3Sʾʻ3$1OϞ 
 
4 = ¨3)*0E5Â 
 iZVxrŒO:ʿ·ɴŒʜ·ȄŅ9˧ťßõğŴË3$1
ĜˀɴËSʬ+řıϝ΁Ʃϝ¥ɴËΫ9ʀƲƢ:¢ɴ6Ĵ6ǅ.1Ə"
5NϝġĄʻ6·ȄʜΛ:)P6ɞÐ$1Ə"5.1KϞȠϝɣk
:ɣ˫ŵ9̰̓ʎʜ3ƽ2BCŽ9ʀƲS˾Ƿ$//ʜSĶĨ&O
92ϝϔʀɴËM˼˽ʻ6ʜSĶĨ$1H)P̝ͮ9ʀƲ:¡Ȥ('ϝǅ.
1ϔʀɴË39ʀƲƢSŧØ/ 32O3°Ǘ"Pϝˡ 3 ˞2ȦM
35.+ʠËĺN6OǑ΂õğʡǒHD.1·ȄʜΛ9ɾƐSŧƪ6
ǧĂ&OĐɂȵǂ"POϞ  
 ) 2ȸ˞:ϝƯ/9Η̋ƽǙSH/˧̌6ʿ·$1ɴPOɣk9
Ŕˍʻ5ʜÆΌǹđSǦȅ$ϝɣkS˧ťßɴË3$1ʬ+ʜ·ȄŅ
9͉͆ǸΝSǆO 3Sʾʻ3$1OϞ 
 
5 )/f½)*0E5Â 
 ȗǑĖʸ9ʧř61:ϝĿωõğ]3ļ;PO̺ș9ȮNΖSȳ&
Oʜ·ȄŅSī̛ñ6ǻì$+¡2Êʀ9ʫʩϏŝɢS]ñ6ɴđ"(ϝϊ
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đ̙SΖûΒǫʻ6õğ&O 32Ǖ̐Sǘŋʻ6ÊËʀʷ9L5ʢǙ6&
Oʸɮ̱RP1OϞĿωõğ]6OõğŴË3$1ɣkSʬ
ϝ)9Ǒ΂õğʡǒSɳʬ&O 3Ĭ̖5M;ϝăS±ȗǑĖʸ9ʧ
ř61LN͸΂5ø̋Sžʧ2OĬ̖ǒ̏MPOϞ 
 $$5MϝĿωõğ]9L6̺λ6ƕȮ$+ɴͬñSɴPOɣk
9Æʜʡǒ6ά&Oˇ˚: PD26̱RP15Ϟ 
 ȸ˞:ϝɣk 9L6̺λ5ñΖƽʢSȳ&Oʜ·ȄŅñSɴđ
&Ořı9ʜÆΌǹđ6ά&OŔˍʻ5˄̽SǆO 3Sʾʻ3$1OϞ 
 
6 UG !%+(/5Âj 
 ɣkSĵFˀŤĔk3ɞͳ$1RG1ǉ˴5ˀŤĔʠͤ˫ŵ
ɢ§6Ǟʑ$ϝŻŽ$+ûȘ˱Sƽǟ$1OˀŤĔy}[i:ϝ
ɣk6̽MPOL5ˀŤĔʠͤ˫ŵ9ŗ˙6LO˧ͬ9ΩŜIÆʜσ
@9¾˃6LOÆʜǒ̖9Ê¢ϝL=˫ŵ9ÝŎ6LOʡʴ5ɴPř9ʹʫ
54ĩǤ¡9ŉνʹʫ$0MϝLNư˩5ʬ΀6Ĵ+Ŧɍ5ʜɕŅ6
1ϔɕ̖5ʜŴË3$1āʬ2OĬ̖ǒSH.1OϞ 
 ȸ˞2:ϝRamnanan-Singh[24])9ʫǟȠɮSˋ˝$+ϝ˲ 62°C3˹ʂ
IȭǡĴ9̬ʜŴË6Ώ$+̰ʔSȳ&OˀŤĔʠͤ2Olsak
Sʬ+ˀŤĔ[iSʫǟ$ϝ)9ʜÆΌʡǒ6č1˭ǒÖșϝ˫
ǁûƤIΨȵûȘŻŽǒ54SǦȅ&O 32ϝǽʜŇĨŴËϝϔƅƲ̬ʜŴ
ËϝL=ʜʹͽŴË3$19žʬĬ̖ǒ6ά$1Ɉ͇S̱ 3Sʾʻ3$
1OϞ 
 
7 UG !%+(/[K¬jÈ¹{² 
 Ć˞61ĩNǤ.+ˀŤĔ[iSĵGϝ PD2ˇ˚Ɗ͝3"
P1+ˀŤĔ[i:ϝʫǟ6+.1ɻč&OʱσɳǒĈ9:+M
ʀƲ6ƻÒŸ&OǒͤSāʬ$+RKOPIT­ĔɮSʬ1ʫǟ"P
+H9ŦϞȠϝĔˮŀ@9āʬSʾʻ3$1ˋ˝"P+Dˀ­Ĕɮ:ϝʫ
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ǟȪ9ʀƲĂǇSǌ̻3$5+GÊ[|`29ʫǟĬ̖2O 3ϝ
ʜŴË3ʬ΀61ΓMP5ʀƲŤĔ6Ɗ&OŻŽǒϔ 3ϝ
"M6Ȇʹ6LNûμ$ŬRP1$D.+ɢûSĬ;ʻ6/ͩ& 3Ĭ̖
2O 354ϝʜŴË3$19āʬ6Ώ$+ǒͤSŦșȳ$1OϞ 
 ȸ˞61:ϝ&26ˋ˝$+øȠ6H301ˀŤĔʠͤ2On-_g
v]Sɢ§6ûȘ"(+ˀŤĔ[iSƊ͝6ϝDˀ­ĔɮSʬ1ʫ
ǟ$+ˀŤĔ[i9ϝʜŴË3$19žʬĬ̖ǒ6ά$1Ɉ͇&O 
3Sʾʻ3$1OϞ 
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2.1 |· 
 ˡ 3 ˞L=ˡ 5 ˞61:ϝɣk9åP+ʜÆΌʡǒSϏŀI¹
Ë9Ǒ΂õğ6ʬO 3Sʾʻ3$1̱.+žϓʻɈ͇6/1ͼAMP1
OϞǅȽLNɣk:̬ʜL=˛͗3.+˳ɕɆʻ5ʬ΀6ʬM
P1O+Gϝȸˇ˚9L5¹Ë3ƅȀ5άRNSH/ûΚ6Oāʬ:
ǗŽ"P1M'ϝ ǅ.1[rbeIbe3.
+¹Ë@9̀ľǒSƲť̾$1ΒŽ"P+˰ώ9ɢʇɸɣk9ɸˀ3
$1ʬMP1+Ϟ 
 ) 2ȸˇ˚2:ϝϏŀ3$1ʬMPOʖɝǒ͑˄"P1OŨʗʮȽ
9˰ώ2Ow~k9ɢʇɸSʬ+ɣk9ʫǟS͍Eϝ)9͙
ʠǒ6/1Ɉ͇S̱.+Ϟw~kɢʇɸSʬ+ɣk9͙ʠǒ
:H3LNw~kɢʇɸSʜŴË3$13M+͢Ȝ:ŸŎ$5+Gϝ
ȸ˞61:ǃ9Ɉ͇L=žʬ9+G9Ŕˍ͢ȜSǆO 3Sʾʻ3$1ϝ
ɢʇɸĜˀĥ=ɣk9ʠǒSȦM6$+Ϟ  
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Fig. 2-1  Chemical structural formula of trehalose 
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2.2 6¶)*0j	ÄZ 
ȸˇ˚2:ϝÑ͍ɣk9ɸˀ3$1w~kɢʇɸSʬ+Ϟw
~k:ŋ 2-16ˎ&L5 1,1-beix˸ı6L.1Ɍǟ"PO³˰9
˗2Nϝ̝ʗʱ9đɇʠIǉʫʠ6ĵDP1O¹ËL=ʪş63.1
Żí5ŨʗʮȽ9˰ͤ2OϞ 
ȸˇ˚61w~kɢʇɸSΒŽ$+ʩʮ3$1ϝŧû1À
¢9 2/9²ǖǹMPOϞ 
 
 ˡ9ΒŽʩʮ3$1ϝw~kɢʇɸSʬO 32Ƃȧ6ɣk
Sʫǟ&O 3Ĭ̖2O 3ǹMPOϞ 
 be˱9ɢʇɸ:ϝõğσ¡61Ǆõ$5Mö˸"(O 32ϝɣ
˸Ȭ9ǟΨǧĂĐɂ6LNõğσMƂȧ6μ̚"(O 32ϝ/̘
1ƜPI&ɣ˸ȬSʫǟ&O 3ȦM65.1O[1]Ϟ 9ö˸ǹđSā
ʬ$+ɣk9ʫǟȠɮ3$1ϝǅȽLN[rbeɢʇɸS÷
ŌʔÀ¢D2õğ$ϝõğσ¡6ʫǟ"POɣ˸ȬSχɗĉμL=ƜŢ"(
O 32ɣ˫ŵSɸ§6Ǟʑ"(OȠɮǿMP1+Ϟw~kɢʇɸ
:ǅȽMɣk9ɸˀ3$1ʬMP1O[rbeL=
beɢʇɸ3Ĳ%be˱6Ɨ&Oɢʇɸ2Nϝ)P
M3Ĳɍ9ɣk9ʫǟ6Ώ$+ö˸ǹđSˎ& 3ˋ͑"P++Gϝ
ȸˇ˚6OÑ͍ɢʇɸ3$1Ώü2O3ÿȞ$+Ϟ 
 
w~kɢʇɸSΒŽ$+ˡ³9ʩʮ3$1ϝw~kϏŀI¹
Ë549ʫË6Ɗ$1Ŧ9ůD$ǒͤSǷ.1O 3ǹMPOϞÀ
¢6ϝʫËõğ6w~kɢʇɸSɸˀ3&OɣkSʬO 39
āʔSý͈&OϞ 
 
Ϧʖɝǒ
ɣkSϏŀI¹Ë9õğ6āʬ&Oʕ6:ϝͅD2H5ɝǒSȳ
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&OɢʇɸSɸˀ3$1ʬO 3:25ϞǅȽM˛͗ûΚ61ɣ
k9ɸˀ3$1ʬMP1+[rbe:ϝ¹Ë6Ɗ$1ɝ
ǒSH/ 3˄MP1Nϝ5/̝ʗʪş61Ƃȧ6û̓̱RP
5+GϝϏŀI¹Ë9õğ6:RG1£Ώ2O3OϞb
e9ɝǒ:ϝ[rbe3ɞͳ&P;!Ə"ϝΖ2Ϗŀ
ɻčʠ3$1ʬMP1OB4Żíǒ͑˄"P1OϝΏəΛS¡ŇO
3ɝǒSǷ/ 3˄MP1OϞȠϝw~k:ŨʗʮȽ9˰ͤ2
Nϝ)P̝ËϏŀ3$1ʬMP1O+G¹Ë@9Żíǒ:ʶRP1M
'ϝʫËñ6ɺì$1Hŧ5Ńό:ͧ M53̏MPOϞ 
 
Ϧö˸ǹđ
Ƈõ5ŏœ6ʫǔ&Oʫʠ:ϝĺŊʪşʀƲ 0
¾͹D2Ê¢&O3˴̕ñ
6w~kS͠ϝ)9ä6LN˴̕ñ6ĵDPOɢû9ö˸MʫË
˴̕SźO 3˄MP1OϞ̠ʻ5ʫʠ9řıϝ0
¾͹9Êʀʪş6
1ʫË9ö˸Ά̱&O3ϝ˴̕9ĺN9ɸ§2ɣʫǟ"Pϝ΢˸Ȭ6
LN˴̕ȇâSĪOϞ$$ϝO˗9ʫʠ:Êʀʪş¢2˴̕ñ6w
~kS̬O 32ɣ˸Ȭ9ǟΨSǧĂ$ϝö˸6LOȇâSȱƏα6ǧ
Oɕ̖Sá1O 3˄MP1OϞw~kö˸MʫË˴̕
SźO¼˶E:ϝɼM[2]˸ȬǟΨŹʻ6ȦM6$1OϞɼM:ϝw~
kɢʇɸSõğ&O3w~kSŦĵF˸Ȭ3˳ɢM5Oɣ˸Ȭ
ʢɌ΃6ˀûμ&Oʡǒ6/1ŘĹ$1OϞ)P6LO3ϝ˳ɢ:
ö˸6Ç.1΢Ƒ.+ö˸ËSʫǟ&O96Ɗ$1ϝw~kɢʇɸ9
ö˸Ë̵σ:ϝw~kSŦĵFˀ2̼RP1ϝƬʉσ35OϞ 9 
3Mw~kɢʇɸ9ö˸6L.1ʫǟ"P+ɣk:ϝ¹ËIϏ
ŀ546ʿȀȀ̈́$1õğS̱η6õğƊ͝ʠSâ/63Đɂ
ȵǂ"POϞ 
 
ϦϏŀ9ŀͤ˾ǷĐɂ
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w~kSϏŀ6ɻč&O 32ϝ2T?T9̎ĔǧĂĐɂϝΚ̧Iɂ
ʠŤ̢ǧĂĐɂϝpaͤŤǒ9ǧĂĐɂ54ϝƪưϏŀǟû9ĎĔέɘ
ĐɂǆMPO 3R.1OϞD+ϝw~k:½9˰ώ3ɞͳ$
1ςƩ6ϔØɢċSH/˰2O+Gϝw~k9ɻč6LNϏŀ9®
ʝL=ĶʃSǧĂ&OĐɂ6LNϏŀĵȳ&OɢûΛSΏə6˾Ƿ&O 
3Ĭ̖35OϞ͹ƭϝ PMw~k9Ƿ/Ŧσʻ5Ϗŀ9ŀͤ˾ǷĐ
ɂ6ɰʾκD.1Nϝ&26ɍ5Ϗŀ6Ɗ&Oŀͤ˾ǷĈ3$1w~
k9ɻčư̱RP1OϞw~kɢʇɸSɸˀ3&Oɣk
:ϝāʬɮɗˡ2õğɕ̖6č1¡͈9L5ŀͤ˾Ƿɕ̖¾č"P+
ςƩ6ϔɕ̖5õğŴË3$19āʬȵǂ"POϞ 
 
w~kɢʇɸSɸˀ3&Oɣk:À¡9L5åP+ɕ̖ǒS
H/ 3ȵǂ"PϝõöϏŀ9"M5OŀͤĴ¡6Ƅ¤&OĬ̖ǒSǷ.1
OϞ$$5Mϝw~kɢʇɸSʜŴË3$1Ǽ+ˇ˚:Ίģ6
̱RP1M'ϝw~kɢʇɸ9ʜÆΌ6ƿτ&O͙ʠǒ:ȷ,ȦM
65.15Ϟ 
 ) 2ȸ˞2:ϝw~kɢʇɸSɸˀ3&Oɣk9ɴđL=
ÆʜʡǒSɈ͇&O¡29Ŕˍ͢ȜSǆO 3Sʾʻ3$1̱.+ϝw~
kɢʇɸL=ɣk9͙ʠǒ9Ɉ͇˸ɂ6/1ͼAOϞ 
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2.3 ,"-0¹j 
2.3.1 ,"-0\d 
 w~kɢʇɸ9ƅƲSȦM6&O+Gϝ^k̹ɵ˒ɞΙ͆ϛȾ¸
ˉŵŅɆϝŧŒɞΙ͆ 19ȸ˶Ϡ# 6 - # 10ϜSʬ1ϝw~kɢʇɸ9ɞ
ΙS͆ʁ$+Ϟ͆ ʁ6ʬ+^k̹ɵ˒ɞΙ͆9ť́Sŋ 2-26ˎ&ϞɞΙ͆
:§˛ɲ35.1OƅΩ"P+^k˧2NϝƱΖ6Σ3$1ΜƗʨ
çŞ"P1OϞ PSΡʿ6ɢʇɸ6ɵAϝɞΙ͆6:+Mɵċ3Ιċ
ΞNı.1ρɘ$+ʢǙ61ɢσ9É̋6ȽOʾʼS͕G;ϝ4 °C 9ɢ
6Ɗ&OɞΙS͆ʁ&O 32OϞ̵ 2-16ˎ&L6ϝ)P*P9ɞΙ͆
2͆ʁĬ̖5ɞΙƧ)P*Pʴ5.1Nϝ# 6 - # 10 9ɞΙ͆SʬP;
1.000 - 1.3009˩Ŋ9ɞΙS͆ʁ&O 32OϞ5ϝ&A19ɞΙ͆9ȱ
Əʾʼƪ: 0.00135.1OϞ 
w~kSɢ΋ɢ6ʇ̓"(1ͤΛmwʒƲ 5ϝ10ϝ15ϝL=
20 mass%9ɢʇɸSÍǟ$ϝ)P*PʀƲS 5 °C6͉Ž$+9-iq6
ìPϝɞΙ9͆ʁS̱.+Ϟ5͆ʁSŲGOĆ6ϝiqñ9ʀƲûƤ
6LNƅƲ£Ő65O 3Sέ+GϝiqñSėû6Ȏǰ$+Ϟ 
 ͆ʁ6LNǆMP+ɞΙM¢ƷSʬ1˦ú$+w~kɢʇɸ9ƅ
ƲS ρL [kg/m3]SϝɢʇɸʒƲ C [mass%]Sɒͱ3$1ŋ 2-36ˎ&Ϟ 
 
  ρL = ρW d = 999.972 d ϛ2.1Ϝ 
 
  2 ρL:ɢʇɸ9ƅƲϝρW:ϟ
9ɢ9ƅƲ9țʥÜϝd :͆ʁ"P+ɢʇ
ɸ9ɞΙS)P*P̵&Ϟ 
 ŋ 2-3LNϝɢʇɸ9ƅƲ:ɢʇɸʒƲ9Šč63H5ϝBCʿ̂ʻ6Šč
$1O 3ROϞ 
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Fig. 2-2  Photo of a set of specific gravity meters 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-3  Correlation between concentration and density 
of trehalose aqueous solution 
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2.3.2 ¢j8p±I 
 ̠ʻ6ƻĂƊɴʜÆΌ61ϝɴË9˭ǒÖșL=đ˭ǒÖș:ɴP
ř9΂ƲûƤSʡǊ0OʖɗæΛ ReϠX}lșϝL=ɴPř6O
ʀƲûƤSɩŽ&OʖɗæΛ PrϠwș9ĦȠ6ƿτS¤OΙ̻5
p2OϞȸˇ˚61:ɣk9˭ǒÖșS°ʁ&O+Gϝ
D+ɢʇɸ6LOʜÆΌ3ɣk6LOʜÆΌ9ɞͳɈ͇S̱¡2ϝD
':Ñ͍ɢʇɸ9˭ǒÖșS˄O 3£Ĭɖ2OϞ$$5Mw~
kɢʇɸ9˭ǒÖșSĩNǤ.+țʥ:ŸŎ$5+Gϝȸˇ˚61ʣ
̝6͆ʁS̱.+Ϟ 
ȸˇ˚2:ϝw~kɢʇɸ9˭Ʋ͆ʁ6ǺđƷ˭Ʋ͆ϛ[Vx
vXϝSV-10ϜSʬ+Ϟ͆ʁ˩Ŋ: 0.3  µ  104 mPaϦs 2NϝƩʀ9ɢ
9 0.3M 104Û˖ƲD29˭ǒÖș6Ɗǎ&OƧœ6O͆ʁĬ̖2OϞ 
 ˭Ʋ͆9˭ƲɈúġʩSŋ 2-46ˎ&Ϟ˭ ƲɈúΖ:¡Ƞ61Ĝ˳ȓǷ"
Pȿ;86Ȁ˽"P1O 2 /9Ǻđŵ͆ʁƊ͝2Ogɸ§6ɶʍ
"Pϝ2/9ʣ˝$+ 1̝ʮƲ;8-ͤΛ-qsisw˱SɌǟ$1Nϝĺ
ȵʻ5ťċS¤MPO 32ŋ9ƠĮȠĴ6 1 ̝ʮƲƻĂǺđS̱¼˶E
65.1OϞ̠ʻ6ɴË9˭ǒÖș:ʀƲ6ƻÒŸ&O 3˄MP1
Nϝʡ6ɸË9˭ǒÖș:ʀƲ9¡Ȥ6ÇǸșάșʻ6ɾƐ$1 3
˄MP1Oϝȸˇ˚2ʬ+˭Ʋ͆6:ϝɸ§6ɶʍ"P+ʀƲmg
6LNƩȪgɸʀƲSzp&Oɕ̖¾Ɨ$1Nϝ͈Υ"P+
˭ǒL=ʀƲ9vpSnyep6ĩNͶG;ʀƲ3˭ǒ
Öș9ˀάS˄O 3Ĭ̖2OϞ 
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Fig. 2-4  Schematic of the oscillation viscometer 
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2.3.3 ,"-0¢j8pE¢j8p 
 Ć˨2ͼA+ǺđƷ˭Ʋ͆Sʬ1w~kɢʇɸ9˭ǒ͆ʁS̱.+Ϟ
͆ʁƊ͝35.+ɢʇɸ9ͤΛmwʒƲ: C = 0ϛ˳ɢϜϝ5ϝ10ϝ15ϝ20ϝ
25ϝ30 mass%3$+ϞD+Ć˨2ͼA+3NɸË9˭ǒÖș:ʀƲ6ƻÒ
Ÿ&O+Gϝgɸ9ʀƲ:ɣk9ʀƲ&5R-÷Ōʔ9ʀƲ6͗
Ț$+9-͆ʁS̱.+ϞðËʻ6:ϝgɸS˲ -35 °C9ǓʀƳñ61
Ζûʻ6ö˸"(ϝO˖ƲɣSĵT,ɢʇɸS˭Ʋ͆6͉̋$1͆ʁSΪŲ
$ϝɣ&A1̰̓$+ʿǃ9˭ǒÖșS͈Υ$+Ϟ͆ʁ:İȼÂ61 3
Ň'/̱ϝ)PM9ƬŐÜSH.1ɢʇɸ9˭ǒÖș3$+Ϟ 
 ¡ͼ9Ƞɮ2͆ʁ$+÷Ōʔ͹à6Ow~kɢʇɸ9˭ǒÖș µL
ϢPaϦsϣSŋ 2-56,đ˭ǒÖș νLϢm2/sϣSŋ 2-66ˎ&Ϟŋ9ɒͱ:ɢʇɸʒ
Ʋ CϢmass%ϣSϝ̆ͱ:˭ǒÖșL=đ˭ǒÖșS)P*P̵$1OϞ
đ˭ǒÖș9Ü:ϝ͆ʁ6LNǆMP+˭ǒÖș9ÜSϝ2.2.1 ˨61͆ʁ
"P+ƅƲ9Ü2β&O 36LNɦG+ϞŋLNϝɢʇɸʒƲ9¡Ȥ6Ç
˭ǒÖșϝđ˭ǒÖș3H6BCĜ͗6Šč$1O 3ROϞ 
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Fig. 2-5  Correlation between viscosity and concentration 
of trehalose aqueous solution 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-6  Correlation between dynamic viscosity and concentration 
of trehalose aqueous solution 
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2.3.4 ,"-0ËP°d
 ɣk9ʫǟ6+.1ϝɢʇɸ9õğ6Çó˸ȬSȷʗ6έ+Gϝ
ɢʇɸʒƲS÷Ōʔ6Oʇ̓ƲLNÊ͉Ž$1ǌ̻OϞǅ.1
țʥ[6]6LNİʀƲ6Ow~k9ϐľʇ̓ƲS͗Ʉ$+Ϟŋ 2-76İʀ
Ʋ6Ow~kɢʇɸ9ϐľʇ̓ƲSˎ&ϞD+Ĥ̏Ü3$1½9¿
̵ʻ5˰ώϛbekϝkakϝawkϜ9ϐľʇ̓ƲHÎ(1ˎ
$1OϞŋLNϝ30 mass%˖ƲD29w~kɢʇɸ2P;ϝ÷Ō
ΪŲ&OD29Ϋ6ó˸Ȭͧ O 3:5 3ROϞ 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-7  Solubility of typical kinds of sugars  
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2.3.5 ,"-0>QÉ1 
 w~k:£Ȇʹǒ9ʠͤ2O+Gϝɢ6ʇ̓"(O 32ʒƲ6ǎ
%1÷Ōʔ9ΰ¢ʫ%OϞ΁Ʃϝėû6Ȓǰ"P+ɣkñΖ:Ōˀ3
ɸˀïŸ&OˀƬ̴ʢǙ35O+Gϝ)9ʀƲ:Ʃ6)9Ȫ9ɢʇɸ6ǎ%
+÷Ōʔ6ˢ$5.1O:'2OϞ 9L6ɣk÷Ōʔ¾͹
2BCŽ9ʀƲSØǷ&O3ǒͤ:ϝʜŴË3$1ςƩ6Ι̻5Ă˲2
N/ΨǢ2HO3̏MPOϞ$$5Mϝw~kɢʇɸ9÷
Ōʔ6/1ĩNǤ.+țʥ̽Ƽ+M5+Gϝȸˇ˚2:Y9ɮĄ
6LNw~kɢʇɸ9÷Ōʔ9°ʁS͍E+ϞY9ɮĄ3:ϝ1˗
ώ9ʇŴ6Ɗ&O÷Ōʔΰ¢9ŧ"ʇͤ9˗ώ6LM'ɢʇɸ9ͤΛ
ʒƲ9E6L.1ɩŽ"PO 3Sˎ&ɮĄ2Nϝ¢Ʒ6LN͈ͼ"POϞ 
 
  T = K R ϛ2.2Ϝ 
 
  2 ΔT:÷Ōʔΰ¢ƲϢKϣϝR:ɢʇɸ9ͤΛʒƲϢmol / kgϣϝK:
ʇŴŌȳ9Žș[(KϦkg) / mol]S)P*P̵$1NϝʇŴɢ2Ořıϝ 
 
  K=1.86 ϛ2.3Ϝ 
 
2OϞ 
 
ͤΛʒƲ:ĜÉͤΛ9ʇŴ6ʇ1Oʇͤ9ș2Ž̍"PO 3
MϝʇŴ2Oɢ9ͤΛS mWϝʇͤ9w~k9ûŵΛS MT3&O3ϝ
ͤΛʒƲ R:ɗƷ2̵"POϞ 
 
   ϛ2.4Ϝ 
 
R =
mT/MT
mW
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Ʒϛ2.2Ϝϝϛ2.3ϜL=ϛ2.4ϜLNɦG+ϝw~kɢʇɸʒƲ 5ϝ10ϝ15ϝ
20ϝ25L= 30 mass%29÷ŌʔSŋ 2-86ˎ&ϞĤ̏9+GϝǅȽMɣk
9ɸˀ3$1ʬMP1+[rbeɢʇɸL=
beɢʇɸ9÷Ōʔ9țʥÜ[7]SÎ(1ˎ$1OϞ£öɸ9÷Ōʔΰ
¢Ĉ3$1ʬMP1O[rbeL=beɢ
ʇɸ3ɞͳ$1ϝĲʒƲ9w~kɢʇɸ9÷Ōʔΰ¢:ςƩ6Ə"
Ü35.1O 3ROϞ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-8  Freezing points of aqueous solutions  
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2.3.6 ,"-05_ 
 w~kɢʇɸ9ʜÆƎʦ:̠6˄MP15+Gϝȸˇ˚6
1:˰ώí̠9ɢʇɸ9ʜÆƎʦ°ʁ6ʬMP1O¢Ʒ[8]Sʬ1ʜÆƎ
ʦ9ɋ˦S̱.+Ϟ 
 
  λL = ( 0.565 + 0.0180T - 0.581 × 10-5 T 2 ) × ( 1 - 0.54 C / 100 ) ϛ2.5Ϝ 
 
  2 λL:ɢʇɸ9ʜÆƎʦϢW/(mϦK)ϣϝT :ɢʇɸʀƲϢ°CϣϝC :ʇͤ2
O˰ώ9ͤΛmwʒƲϢmass%ϣ2OϞ 9Ʒ:ϏŀûΚ61˰
ɸIɂɥ549ʜÆƎʦSɋ˦&Oη6ƪưʬMP1OƷ2Nϝ0  
T  80 °C9˩Ŋ9ɢʇɸ6Ώʬ&O 32OϞ  
 Ʒϛ2.5ϜSʬ1ɦG+ 0 °C6O˰ώɢʇɸ9ʜÆƎʦ λLSŋ 2-96ˎ
&Ϟŋ9ɒͱ:ɢʇɸʒƲ CϢmass%ϣ2OϞD+ϝĤ̏Ü3$1õʜŴË
O:ɣk9ɸˀ3$1̠ʻ6ʬMP1O[rbe
L=beɢʇɸ9ʜÆƎʦ9țʥÜ[4]SÎ(1ˎ$1OϞƷ
ϛ2.5Ϝ9ƽMȦM5L6ϝĲʀƲ6OʜÆƎʦ:ɢʇɸʒƲ9Š
č6Çʿ̂ʻ6ɾƐ$1O 3ROϞ 
 
 
Fig. 2-9  Thermal conductivity of sugars  
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2.4 ,"-0	)*0j¼
 Ć˨61:Ĝˀ9ɸË2Ow~kɢʇɸ9ʠǒÜ6/1ͼA
+ϝȸ˨61:w~kɢʇɸSɸˀ3&Oɣk9ǒͤ6/
1ͼAOϞ 
 
2.4.1 M#)&00Z© 
Ï;T IPF
 ŌɸɺˀɴË2Oɣk9ʠǒ:ϝMKOσ61ɣk§
6ĵDPOɣ˫ŵ9Λ6ƿτSĪOϞɣk9ɣĵȳΛS͌Ó&O6
+.1:ϝIPFϛIce Packing Factor; ɣçŞʦϜ3ļ;POÜưʬMP1
OϞIPF9¿̵ʻ5Ž̍3$1ϝɣk9íͤΛ6Ɗ&Oɣ˫ŵ9ͤΛĊı
2Ž̍"PO IPFMϛͤΛ IPFϜ[mass%]ϝL=ɣk9íË˙6Ɗ&Oɣ
˫ŵ9Ë˙Ċı3$1Ž̍"PO IPFvϛË˙ IPFϜ[vol%]Nϝ)P*P¢Ʒ
2̵"POϞ 
 
   ϛ2.6Ϝ 
 
   ϛ2.7Ϝ 
 
  2ϝmI:ɣk6ĵDPOɣ˫ŵ9ͤΛϝmL:ɢʇɸ9ͤΛϝvI:ɣ
˫ŵ9Ë˙ϝvL:ɢʇɸ9Ë˙S)P*P̵&Ϟ  
 5ϝIPFv3 IPFM9Ϋ6:ϝ¢Ʒ6ˎ&άÖOϞ 
 
   ϛ2.8Ϝ 
 
   2ϝρLL= ρI:ϝɢʇɸL=ɣ˫ŵ9ƅƲS)P*P̵&Ϟŋ 2-10
6ϝƷϛ2.8Ϝ9 ρL6ʒƲ 8 mass%9w~kɢʇɸ9ƅƲϛ1032.2 kg/m3Ϝ
SϝρI6ͿȦɣ9ƅƲϛ917 kg/m3ϜS¿ì$1ɦG+ IPFv3ϝIPFM9άÖSˎ
IPFM =
mI
mI +mL
⇥ 100
IPFv =
vI
vI + vL
⇥ 100
IPFv =
mI +mL
mI⇢L +mL⇢I
⇥ ⇢L ⇥ IPFM
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&ϞŋLNϝȸžϓ9Ñ͍ɣk61: IPFv3 IPFM:BCɞÐ9άÖ
6NϝŌˀ3ɸˀ9ƅƲƢƏ"+G¥̐9Ϋ6"B4ŧ5Ƣ:5 
3ROϞ 
 5ϝȸˇ˚61:ϝʡ6ȞN5αN IPF 3͓:ͤΛ IPF S̵
&H93$ϝ)9͈įHɻŷ5$9 IPF3&OϞ 
 
ÏBud Ci
 ΁ƩϝɣkťΖ3ʜ·ȄS̱η6:ɣ˫ŵ9̰̓O:ɢʇɸ
9ö˸ͧ Nϝ)P6Ç.1ɣk9ɸˀ2Oɢʇɸ9ʒƲ:ȪΫʻ
L=˛Ϋʻ6˻'ŤĔ&O 335OϞȸˇ˚2:M%G͉Ž"P+
ʒƲ9w~kɢʇɸSö˸"(O 32ǢŽ9 IPF 9ɣkSʫǟ
&Oϝʫǟ"P+ɣk9ɸˀΖû6Ow~k9ͤΛm
wʒƲSþȵɢʇɸʒƲ Ci3$1Ž̍$ϝžϓp3$1OϞ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-10  Correlation between IPFM and IPFv  
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2.4.2 )*0\d 
 ɣk6:+MǛǒċɴđ6ĥC&ƿτS͌Ó&O+G6:ɣk
9ƅƲ9Ǧȅ£Ĭɖ65.1OϞɢʇɸ3ɣ˫ŵ9ɺıʠ2Oɣk
9ƅƲ:ɵċIɴđ9ƿτ6LNƔǢʻ5ÝNSʫ%1OřıŦ
ϝȸˇ˚61:͛͘SĜ˳6&O+G6ɣk§9ɣ˫ŵɍ6
ûȘ$1OʢǙS̏ϝ)9ơ̾ʻ5ƬŐƅƲSɣk9ƅƲ3$1Ž
̍&OϞÀ¡9ÁŽS̋ 32ϝɣk9ƅƲ:ɣ3ɢʇɸ)P*P9
ƅƲϝL=ɣ˫ŵ9Ë˙ûʦ&5R- IPFvSʬ1¢Ʒ2Ĝ˳6̵& 3
2OϞ 
 
   ϛ2.9Ϝ 
 
   2ϝρIs:ɣk9ƅƲϢkg/Ϥ3ϣϝIPFv:Ë˙ IPFϝρI:ɣ9ƅƲϝρL
:w~kɢʇɸ9ƅƲS)P*P̵$1OϞŋ 2-116ϝƷ(2.9)Sʬ
1˦ú$+w~kɢʇɸM5Oɣk9ƅƲSˎ&Ϟŋ9ɒͱ:
ɢʇɸʒƲSϝ̆ͱ:ɣk9ƅƲS)P*P̵$1OϞ͆˦6+.
1ϝɣ9ƅƲ3$1ͿȦɣ9țʥÜ[8]ϛρI = 0.917 kg/m3ϜSϝw~kɢʇ
ɸ9ƅƲ3$1ȸˇ˚6OžʁÜS)P*P¿ì$+Ϟ 
  
⇢Is =
IPFv
100
⇢I +
(1  IPFv)
100
⇢L
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Fig. 2-11  Correlation between IPF and density of ice slurry 
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2.4.3 )*0¢j8pE¢j8p 
 ɣkS:%G3&OŌɸɺˀɴË9˭ǒÖș:ϝȼÂ6ǎ%1ȑśǒ
ɴËI^ɴË549ςzwɴËʻ5ǹđSˎ& 3˄MP1
Nϝ)9͈ͼ6+.1:șŦ9vȃɅ"P1OϞ 
 ŌË˫ŵɍ6ûȘ$1O3̽5& 32OŌɸɺˀɴË:͹Èʻ
6zwɴË3̽5& 32O3"PϝÀ¢9ƷSǴƺ&O 36L
NǆMP+Ŧ9vȃɅ"P1OϞ 
 
  µeff = µL (1+2.5Cv) ϛ2.10Ϝ 
 
  2ϝµeff:ɺˀɴË9̽¡9˭ǒÖșϝµL:ɸˀ9˭ǒÖșϝCv:Ōˀ
9Ë˙ûʦϢ-ϣ2OϞ 9Ʒ: Einstein kwak9Ƞ˖ƷMƎ+Ʒ
2NϝEinstein9˭ǒɮĄ3ļ;P1OϞ 9Ʒ:ŌË˫ŵ9ŧIÉ̋ά
ÖϝL=˫ŵΫ9ˀ´ÍʬS̏ǜ6ìP'6ƎP+Ŕˍʻ5Ʒ2O+Gϝ
)9Ώʬ˩Ŋ:αŽʻ2OϞ˭ǒÖș9°ʁ6žʬ¡ȱHLΏʬ"POH
93$1ϝThomas 9ƷSǴƺ&O 36L.1Ǝ+ƷǹMPϝ P
Sɣk61:GO3¢9L6͈ͼ&O 32OϞ 
 
µIs = [1+2.5×(IPFv/100)+10.05(IPFv/100)2+0.00273exp{16.6(IPFv/100)}]µL ϛ2.11Ϝ 
 
  2ϝµIS:ɣk9˭ǒÖșϝµL:ɸˀ9˭ǒÖșϝIPFv:Ë˙ IPFϢvol%ϣ
S)P*P̵$1OϞ 9Ʒ:ŌË˫ŵ9Ë˙ûʦ9E5M'˫ŵΫ9ˀ´
ÍʬH̏ǜ6ìP1ƎP1NϝË˙ûʦ 0.625À¢ϝŌË˫ŵǁ 435 µ
ϤD29ŌɸɺˀɴË6Ώʬ&O 32ϝɣk9˭ǒ°ʁ6Hư
ʬMP1OϞŋ 2-12 6ϝ IPFv3ϝƷϛ2.11Ϝ6L.1˦ú$+ µIs/µLϝ&
5R-ɸƘɢʇɸ9˭ǒÖș6Ɗ&Oɣk9˭ǒÖș9ɞ9άÖSˎ&Ϟ  
 D+ϝˡ 3˞61:ò˧ĺN6OɢʇɸʒƲ 8 mass%ϝIPF = 10 mass%
9ɣk9Æʜʧ͝6ά$1̱.+ɗæ̓ɀ6ά$1ͼAOϝ)9η6
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ʬ+İʠǒÜ9§2ȱHʀƲÒŸǒƻϝ5/žϓ9ʀƲœ2O÷
Ōʔ͹à2ȱHƻʀƲÒŸǒSˎ&ʠǒÜ2Oɢʇɸ9˭ǒÖș6/1
:ǺđƷ˭Ʋ͆Sʬ1ʀƲSŤĔ"(//žʁS̱ϝ8 mass%w~k
ɢʇɸ9͆ʁ˸ɂ6Ɗ$1ŇƨûɀS̱ 36LN¢6ˎ& Andrade Œ9͹
ÈƷ[3]Sǆ+Ϟ 
 
   ϛ2.12Ϝ
 
 
  2 T:ɢʇɸ9ȉɟʀƲ[°C]2Nϝˡ 3˞6Oʖɗæș9˦ú6+
.1:)9Ü3$1žϓMǆMP+ò˧̵σ9íʁʀʔ6O̜ʀƲ9˙
ûƬŐÜSʬ+Ϟɣk9˭ǒÖș:ϝ¡Ʒ6LNǆMP+ɢʇɸ9˭
ǒÖșSƷϛ2.11Ϝ6¿ì&O 32˦ú$+Ϟ 
 À¡MǆMP+İʀƲ6O 8 mass%9w~kɢʇɸ9˭ǒÖș
9žʁÜ5M=6͹ÈƷϛ2.12Ϝ6LOÜϝL=Ʒϛ2.11Ϝ6LN˦ú$+þ
ȵɢʇɸʒƲ 8 mass%ϝIPF=10 mass%9ɣk9˭ǒÖș9°ʁÜSϝŧ
ɡō¢6O˳ɢ9˭ǒÖș9țʥÜ[5]33H6ŋ 2-136ˎ&ϞŋLNϝˡ 3
˞61ʬ+ɣk9˭ǒÖș:ϝ˳ɢ9 2 Û˖Ʋ9Ü2ȁ˔$1
O3̽˙HMP1O 3ROϞ 
 
µL = 1.722⇥ 10 7 exp
✓
2615.5
T + 273.15
◆
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Fig. 2-12  Correlation between IPFv and µIs/µL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-13  Temperature dependence of viscosities of the testing fluids used in Chap. 3  
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2.4.4 )*05_ 
 ɣk549ŌɸɺˀɴË6αM'ϝ2/9ǟûɺı$1ƽǟ"POʠ
ͤ9̽¡9ʜÆƎʦ:ȳĐʜÆƎʦ3ļ;P1Nϝ)9ǟû9ĵȳɞ9
E5M')9ƯÌŹʻ5ɺıƽǙ6HÒŸ&O+GϝŌŽ"P+ɺıƽǙSH
/ŌËĲţ9ɺıʠ2.1Həˋ5°ʁS̱+G6:ŉνÇϞč1ϝ
ɺˀɴË61:ɴđ3ï6ɺıƽǙŤĔ&O+G)9ȳĐʜÆƎʦS°
ʁ&O 3ϝO:žʁ&O 3:3H6)P*Pŉν2OϞ 
  9L5ɺˀɴË9ȳĐʜÆƎʦ9°ʁ6+.1:ϝ Maxwell-Eucken[8]
6LOƷLʬMP1OϞ 9ƷSɣk6Ƽ1:GO3¢9L
6͈ͼ&O 32OϞ 
 
    ϛ2.13Ϝ 
 
  2 λIs:ɣk9ȳĐʜÆƎʦϢW/(mϦK)ϣϝλIϝλL:Ōˀ2OɣL
=ɸˀ2Oɢʇɸ9ʜÆƎʦϢW/(mϦK)ϣϝIPFv:Ë˙ IPF S)P*P̵&Ϟ
 9Ʒ:ϝH3H3ξˌɡŹ9ûΚ61ƥ̮ûȘ˱9͒ξʦSɦGO+G
6Ǝú"P+H92OϝώÈ$+șʩvSH/ɺıʠ9ʜÆƎʦ6H
Ώʬ&O 32O+Gɣk9ʜÆƎʦ͌Ó6HưʬMP1OϞ
 9Ʒ:ϝŐͤ΄˽ˀ§6ŌË˫ŵIɸʋ54Ő6ûȘ$1O3̽5&
 32ϝ5/˫ŵIɸʋΫ9Ȁ̈́ύ̪25řı6Ώʬ&O 3
Ĭ̖2Nϝ)9Ώʬ˩Ŋ:ŌË˫ŵIɸʋ9Ë˙ûʦ 50 vol%˖ƲÀ¢2
O3"P1OϞ 
 ŋ 2-14 6ϝƷϛ2.13Ϝ6LN˦ú"P+ɣk9ʜÆƎʦSˎ&Ϟŋ9
ɒͱ:ͤΛ IPF35.1OϞλI9Ü3$1ͿȦɣ9țʥÜ[9]SϝλL9Ü3$1
2.2.6˨2˦ú$+˰ώɢʇɸϛ8 mass%Ϝ9ʜÆƎʦS)P*P¿ì$1͆˦S
̱.+ϞŋLNϝʜÆƎʦ9Ü: IPF 9Šč6ÇBCʿ̂ʻ6Šč$1O
 3ROϞ 
 
 Is =  L
2 L +  I   2(IPFv/100)( L    I)
2 L +  I + (IPFv/100)( L    I)
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Fig. 2-14  Thermal conductivity of ice slurry 
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2.4.5 )*0 
 ȸˇ˚61ɣk9ɞʜ:ϝIPF3İˀ9ʠǒÜSʬ1¢Ʒ6LN
˦ú$+Ϟ 
 
   ϛ2.14Ϝ 
 
  2 cIs:ɣk9ɞʜϝcI:ɣ9ɞʜϝcL:ɸˀɢʇɸ9ɞʜϝ IPF:
ͤΛ IPF )P*P̵&Ϟ͆˦6+.1: cI9Ü3$1ͿȦɣ9țʥÜ[9]Sʬ
+ϝw~kɢʇɸ9ɞʜ:ȦM65.1M'ϝD+ȳĐ5͆ʁ
Ƞɮʖ.++G cL9Ü3$1˳ɢ9ɞʜ9țʥÜ[6]Sʬ+Ϟ 
cIs =
IPF
100
cI +
✓
1  IPF
100
◆
cL
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2.4.6 )*02¡W¡g 
 ŋ 2-156ϝȸˇ˚6Oò˧ĺNL=˧̌6OʜÆΌžϓ6ʬ+
þȵɢʇɸʒƲ Ci = 8 mass%ϝIPF = 10 mass%9ɣk9ύǉΧôˁSˎ&Ϟ
ɣkñ6Oɣ˫ŵ9˫ǁ:ϝȱŧ2L) 0.1 mm˖Ʋ2O 3
ROϞ 
  
 
 
 
 
 
 
Fig. 2-15  Photo of ice slurry 
 
 
 2	 
 ˡ 2 ˞61:ϝȟ+6w~kɢʇɸSɸˀ3&OɣkSʫ
ǟ$ϝĜˀ9ɢʇɸ5M=6ɣkSʜŴË3Ǽ+řı6Ι̻35O͙
ʠǒS͌Ó$ϝˡ 2˞Mˡ 5˞6OʜÆΌžϓ6OŔˍ͢ȜSǆ+Ϟ
0.1mm%
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 3 D= O 
)*0E5Â 
 
3.1 |· 
 ɣk:ϝ̠ʻ6ϔɴđǒSȳ&O+GϝʠË3ʜ·ȄS̱η6
õğƊ͝ʠ3ƅ˃&O 32ȱŧα9Æʜσ˙SˋØ&O 3Ĭ̖2OϞ
D+ϝϔʀšσ39Ϋ2ƊɴʜÆΌS̱ηϝ̰̓3Ɗɴ9˶EıR(6L.
1ϔʜÆΌʦSˎ& 3˄MP1Nϝ"M6ϔʀʠËMĶĨ$+ʜS
ʎʜ9ƽ2ĶĨ&O+GϝõğƊ͝ʠS 0 
À¢9ʀƲœ61O˖Ʋ
Ž9ʀƲ6Ø/ 3Ĭ̖2OϞ 
 ȸˇ˚2: $+ɣk9ʠËõğ6Ɗ&OΏǒSϏŀ549ûΚ6
1ɳʬ&O 3Sǐω6̋ϝʠËĺNSɴđ&Oɣk9Æʜʧ͝
6ά$1žϓʻ5̓ȦS͍E+Ϟ 
 õğƊ͝ʠË3$1ϝʠËĺN9ƻĂƊɴʜÆΌ3ûΚ61ȱH
̠ʻ5ƽʢ2Oò˧SΒǫ$ϝɣkSɴđ"(+řı3ϝ)9ɸˀ3
ĲʒƲ9w~kɢʇɸSĲɴ΂2ɴ$+řı9ʜÆΌʦSɞͳ&O 
32ɣ˫ŵʜÆΌ6ĥC&ƿτ9ǮúS͍Eϝɣkʡȳ9Æʜʧ͝6
/1̏ƈS̱.+Ϟ 
  
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3.2 [Ì®§[Ìr 
3.2.1 [Ì®§ 
 ŋ 3-16ϝȸ˞2ʬ+žϓ̶̋˱˺ŋSˎ&Ϟȸ˞2ʬ+̶̋:ϝõğʬ
Xǈʪ˱ϝɣkʫǟ͠ʲpaϝL=͍ϓΖSĵFɣk
ǈʪ˱MɌǟ"P1OϞ 
 ŋ 3-26͍ϓΖ͏˴ŋSˎ&Ϟ͍ ϓΖ:ƪ 200 mmϝŭ̱ 15 mmϝΨ" 500 mm
9ñƉSȳ&OΡʿ˅ƽɴͬ2Nϝ)9ɴͬñ§ǋÉ̋6ɴͬŭ̱Sϔ"3
&Oʿǁ 40 mm9čʜò˧͉̋"P1OϞ 
 čʜò˧̵σ6:ϝĠ" 0.04 mm 9kuk˥6LNƽǟ"P+p
ƣ/MP1Nϝ)9̵σ6Ġ" 0.02 mm 9YpfiwS
ƅ˃"(O 32έɢL=˻̅ȡ"P1OϞp:ʿɴξʅ̶̋
ϛKIKUSUIˏ̹ϝPAS40-9ϜSʬ1ǢŽ9ξōSĞč&O 32̵σSˢʜ
ɴȻȼÂ61ŽƩčʜ&O 3Ĭ̖35.1OϞ 
 ͍ϓΖ9ʿĆ6:ĭƽɴͬ3òɃ̌M5OǴŧȚɴΖ͉̋"P1Nϝ
͍ϓΖ@3ɴP FɣkɴS͍ϓΖìī61ɍɴ@3Țɴ&Oǀ
ĊSǯ.1OϞȚɴȿ9͏˴Sŋ 3-36ˎ&ϞȚɴȿ9¼ɍ:ϝǴŧȚɴΖñ
61ɍ5ƉɮL=sr9θƀʠS͉1ɣkSɴ$ϝ͍̱Τ
͔6H30ɩŽ"P+ϞɒȠĴ9srƏ"ΊO3ɣ˫ŵ9͎DNʫ
%1͍ϓΖ6OɴP6̪$ÝNʫ%OãĴ͑GMPϝ;6sr
ư&O3ɿSǧOĐɂ£ėû35Nϝ 9řıHɴP9£ŐSʫ%O
ãĴEMP+ϞD+θƀʠ9ʿǁƏ"3ϝȚɴȿS΁Ί&OɴPB3
T4¬PSĵD5ɊƲ6ŻŽ$+H935Nϝ)PK6žϓS˼˽$1
-6ɣ˫ŵɴ̂6ɬ.+ƽ6ŗ˙$1$Dϝɣ˫ŵ9͎DNSʫ%O
ãĴ̽MP+Ϟŋ 3-36ˎ$+ʧ̱9Țɴȿ:ϝòɃΫ9ɒȠĴ9˛ζɴͬ
ŭ̱3Ĳ% 15 mm35OL6͉͆"P1NϝD+òɃ9ʿǁS 6 mm3ũ
G6͉Ž&O 32ǴŧȚɴΖ6OɴPΏƲ5¬PSĵFL65Nϝ
ɣkS˼˽ʻ6ɴ$1Hü9ɣ˫ŵŗ˙$5Ɍ΃35.1OϞ 
 ʀƲʁŽʔ3$1ϝ͍ϓΖìī3úī6İ 1 ȸϝp̷ß9͍ϓΖĆσ
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ñšM 8 mm9É̋6:ò˧̵σʀƲ͆ʁ9+GòĺȠĴ6 15°Ϋδ2 13ȸ
9 T ŒʜξƊ)P*P͉̋"P1Nϝİʔ9ʀƲ:vp^6L.1
˼˽ʻ6Ĩκ&O 3Ĭ̖35.1OϞ5ϝİʁʀʔ9É̋:ϝŋ 3-2
6ˎ&L6ò˧ĆȠL4EʔSġʔ3$1Ž̍$+͂Ʋ θ [deg.]Sʬ1̵&
H93&OϞ 
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Fig. 3-1  Schematic of experimental apparatus  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-2  Details of test section  
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Fig. 3-3  Details of flow distributor 
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3.2.2 )*0lr 
 ȸˇ˚2:ϝžϓSΪŲ&O6+NϝD'ŲG6w~kɢʇɸSõ
ğ&O 36LNɣk9ʫǟS̱.+Ϟɣkʫǟ6+NðËʻ
6:À¢9ǣχ6ǅ.+Ϟ 
 
ϛ1Ϝ°G͉Ž$+ʒƲ9w~kɢʇɸ 45 L˖ƲSɣkʫǟ͠ʲɎ
6ʄ+&Ϟ 
ϛ2Ϝ°GÊʀǓʀɢɎñ61õğ$1+XSϝɣkʫǟ͠ʲ
Ɏñ6ɶʍ"P1Oʜ·ȄŅñ6ǈʪ"(O 32ɢʇɸSõğ&OϞ 
ϛ3Ϝw~kɢʇɸ÷ŌʔÀ¢D2õğ"PO3ϝʜ·ȄŅDRN6Ɯ
PI&Ƃȧ6ĉμ&Oɣ˸Ȭʫǟ"P:%GOϞ 
ϛ4ϜO˖ƲǟΨ$+ɣ˸ȬSi2ʜ·ȄŅMĉμ"(OϞ 
ϛ5Ϝɸ§SȎǰ&O 32ĉμ$+ɣ˸ȬŚSƜŢ"(ϝɣ9ǉ˫ŵSǞʑ"
(OϞ 
ϛ6ϜǢŽ9 IPFϛIce Packing Factor; ɣçŞʦϜ9ɣkǆMPOD2ϛ3Ϝ
~ϛ5Ϝ9ǣχS̊Nͺ&Ϟ 
 
 ŋ 3-4ϛaϜ6ɣkʫǟΪŲʿǃ9ɣkʫǟ͠ʲɎñΖ9ôˁS
ˎ&Ϟʜ·ȄŅDRN6ʫǟ$+ɣ˫ŵʜ·ȄŅ̵σMμ̚$ϝR'6
ɢσ6ɵΈ$1OɍŵROϞŋ 3-4ϛbϜ6ɣkʫǟΪŲǃL) 5
ȪΫǃ9ɣkʫǟ͠ʲɎñΖSˎ&Ϟʫǟ$+ɣ˫ŵɵ¡$1ɢσ9
Ćψœ6ûƤ$ϝéS¬ħƍ$1ʺ̽1OɍŵROϞ 
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(a) Right after preparation started 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Approximately 5 hours elapsed 
Fig. 3-4  Preperation of ice slurry 
Ice slurry tank
Heat exchanger
Ice particles 
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3.2.3 IPFCir 
 ɣk9Ōˀ2Oɣ˫ŵ3ɸˀ2Oɢʇɸ:ϝˀƬ̴ʢǙSØ/+
GϝŌɸΫˀ´9ˀŤĔS̱.1NϝIPF:Ȫă)9ÜŤĔ&OϞ 
 ȸˇ˚2:ϝžϓ§6͍ϓΖ@Ñ˹"POɣk9 IPF SǦȅ&Oǣɛ
3$1ϝžϓ̶̋9ɴͬúīMǽú"P+ɣkSgb$ϝȞ
ʜƂŅñ61ɣk3ϔʀɢSɺı&O 32ɣ˫ŵS̰̓"(ϝɣ˫ŵ
9̰̓ʎʜ3$1ɷ͡"P+ʜΛSɦGO 32 IPFS˦ú&OȠɮS͍E+Ϟ 
 ȞʜƂŅñ61ėû6ϔʀƲ9ɢ3ɣk3ɺı"Pϝ&A19ɣ˫
ŵ̰̓$1Ő5ɢʇɸʫǟ&Ořı6/1̏OϞ 9řıϝ[|
`kS̏P;ɺıΊ˖61ʀɢ9ŬʜΛ3ɣkǆO
ʜΛ:ˢ$5.1O3̏MPOϞ&5R-ϝ 
 
ϛϔʀɢŬ.+ʜΛϜ=ϛɣ9̰̓6ʬMPOʜΛϜ 
      +ϛɣkMʫǟ$+ɢʇɸ9ʀƲ¡Ȥ6ʬMPOʜΛϜ 
 
9άÖǟN˝/ 3ROϞ 9άÖ:ϔʀɢ3ɣk)P*P9ͤ
ΛϝʀƲL=ʠǒÜSʬ1¢Ʒ2̵"POϞ 
 
   ϛ3.1Ϝ 
 
  2 m:ͤΛ[kg]ϝc:ɞʜ[J/(kgϦK)]ϝT:ʀƲ[°C]ϝL:ɣ9̰̓ʎʜ[J/kg]
2Nϝɻŷ9 h:ɺıĆ9ʀɢϝIs:ɺıĆ9ɣkϝmix:ɺıǃ6ʫ
ǟ&OɢʇɸS)P*P̵&Ϟ+,$ϝɺı6η$1Ģƅ6:ϔʀɢ39ɺı
L=ɣ9̰̓6LNƼþɣk9ǟû2.+ɢʇɸ9ƥΘͧ .1
O:'2Nϝ)P6Ç.1ƥΘʜʹʫ$1O:'2Oϝ  2:
ʖ̾$1OϞ 
 Ʒϛ3.1ϜSŤƽ&P;ϝIPF:¢Ʒ6LN̵"POϞ 
 
mhch(Th   Tmix) = mIsLIPF
100
+mIscmix(Tmix   TIs)
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   ϛ3.2Ϝ 
 
À¡LNmh, mIs, Th, TIsL= Tmix9ÜS͆ʁ&O 3úȽP;ϝƷϛ3.2Ϝ
3İ9ʠǒÜSʬ1 IPF S˦ú&O 3Ĭ̖2OϞȸˇ˚2:ϝðË
ʻ6À¢9ǣχ2İÜ9͆ʁS̱.+Ϟ 
ϛ1Ϝ70 °C͹àD2čʜ"P+ΏΛ9ʀɢSʬǘ&OϞ 
ϛ2ϜM%Gʫǟ$1+ɣkSLȒǰ$5Mžϓ̶̋9ɣk
ǈʪ˱6ɴ$ϝǈʪ˱úīMǽú"P+ɣkS 0.5 L˖Ʋϝ
ȞʜSȡ$+]ñ6gb&OϞ 
ϛ3Ϝξŵ:N61gb$+ɣk9ͤΛϝ&5R- mIsS͆ʁ
$ϝ͈Υ$1ϞD+ϝɣk3ϔʀɢS)P*PLȒǰ$ϝT
ŒʜξƊ6LNĦȠ9ɺıʿĆ6OʀƲϝ&5R- Th, TIsS͆ʁ$ϝ
͈Υ&OϞϛŋ 3-5ϛaϜĤʙϜ 
ϛ4Ϝgb$+ɣk3ϔʀɢSȞʜ]ñ61ɺı$ϝėû
6Ȏǰ&OϞϛŋ 3-5ϛbϜĤʙϜ 
ϛ5Ϝɣk3ϔʀɢ9ɺı6LNʫǟ$+ɺıɸ9ʀƲ TmixS͆ʁ$ϝ͈
Υ&OϞD+ϝɺıɸ9ͤΛ mmixS͆ʁ$ϝ͈Υ&OϞŋ 3-5ϛcϜĤʙϜ 
ϛ6Ϝmmix3 mIs9ƢMϔʀɢ9ͤΛ mhS˦ú&OϞ 
ϛ7ϜÀ¡LNǆMP+İ͆ʁÜSƷϛ3.2Ϝ6¿ì&O 32 IPF9ÜSɦGOϞ 
 
 5ϝȸžϓ2ʬ+žϓ̶̋9͍ϓΖL=Η˧˱6:&A1ʹɯɔ̗6
LOȞʜȡ"P1NϝD+ɣk͍ϓΖS΁Ί&Oη6čʜò˧
L=ĺŊM9ìʜ6LN̰̓&Oɣ9Λ:ȱŧ2íĵȳΛ9 1 %ȷʄ2O
3̽˙HMPO+Gϝ͍ϓΖ΁ΊĆǃ6O IPF 9Ü9ŤĔ:ʖ̾$OB
4Ə"3̏MPOϞ 
 
 
  
IPF =
100
mIsL
{(mhch(Th   Tmix) mIscmix(Tmix   TIs)}
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(a) 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
(c) 
Fig. 3-5  Measurement procedure of IPF 
m S [kg]
Th , mh
Hot water
Ice slurry
TS , mS
Thermal insulation
ThermocouplesThermocouples
Electronic
scale
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3.2.4 [Ìr 
 ȸžϓ6+.1:ϝʫǟ"P+ɣkS6LNǢŽ9ɴΛ2͍
ϓΖ@3΄˽ʻ6Ñ˹$//ˢʜɴȻȼÂ9¢2ò˧̵σ9čʜS̱ϝİʁ
ʀʔŽƩʢǙ35.+ 3Sˋ͑$+ǃ6ʀƲvp9ĨκS̱.+Ϟ 
 5ϝǃ6͏ͼ&Oϝžϓ§: θ = 90°¾͹61ɴP9ĉμʹʫ$ϝ
ʡ6 θ > 90°9ǃɴœ61ɴPř9ĺȵʻ5¬P́ʁ"Pϝ)P6΄đ$
1ò˧̵σʀƲHĺȵʻ6Ǻđ&O 3ˋ͑"P+Ϟǅ.1ʀƲ͆ʁ6η$
1: 2ˑ9gbĺȵ2ϝɴPř9ǺđĺȵLNėûΨ 60ˑΫ6R+
.1İʁʀʔ9ʀƲǎˣS͈Υ$ϝ 9ʀƲǎˣ9˦̲ȪΫƬŐÜSʜÆΌʦ
9˦Ž6+.1ʬOò˧̵σİʔʀƲ Tθ [°C]3$+Ϟò˧̵σ9͂Ʋ θ 
[deg.]9É̋6OƔǢʜÆΌʦ hθ [W/(m2ϦK)]:ϝ¡͈9L6$1ɦG+ Tθ
3ϝ͍ϓΖìīʀƲ TinϝL=čʜp@9Ñ˹ξċMɦG+ʜɴȻ q 
[W/m2]S¢Ʒ6¿ì&O 36LN˦Ž$+Ϟ5ϝ͍ϓΖšσMťΖ@9
ʜȇŬ:ϝčʜò˧M9ʹʜΛ9 1%ȷʄ3̽˙HMPO+GϝʜÆΌʦ9˦
Ž61 PSʖ̾$+Ϟ 
 
  hθ = q / (Tθ - Tin) ϛ3.3Ϝ 
 
θ90°9ò˧ĆȠψœ6OƬŐʜÆΌʦ hm-FR [W/(m2ϦK)]ϝ5M=6ò˧̵
σíË6OƬŐʜÆΌʦ hm [W/(m2ϦK)]:ϝ¡2ɦG+ƔǢʜÆΌʦ9ÜS
¢6ˎ&Ʒ6L.1)P*P˙ûƬŐ&O 32˦Ž$+Ϟ 
 
   ϛ3.4Ϝ 
 
 
 
   ϛ3.5Ϝ
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 D+ϝȸˇ˚61:Ĝˀɴ3ɣkɴ9ʧ͝Sɞͳ&O 36L.
1ɣkʡȳ9Æʜʧ͝S͌Ó&O+Gϝɣkñ9ɸˀΖû3Ĳʒ
Ʋ9ɢʇɸSʬ1¡͈3Ĳɍ9žϓS̱.+Ϟ 
 ³ˀɺŎ&Oɣk9ʜÆΌ:ɢʇɸ˭ǒÖș9ʀƲÒŸǒȱHŧ
5O÷Ōʔ͹à9ʀƲœ2̱RPOϞǅ.1ϝɣk3ɢʇɸ9ɞͳ
6+.1:ɣ˫ŵ9ȳʖ6č1ʀƲŤĔ6Ç˭ǒÖș9ŤĔžϓ˸ɂ
6ʖ̾25ƿτSĥC&Ĭ̖ǒ̏MPOϞ) 2ȸˇ˚6Oɢʇ
ɸSʬ+žϓ2:ϝ 9˭ǒŤĔ9ƿτSɊċǽβ&O+G͍ϓΖìīʀƲ
S 3 °CÀ¢6Ø.+Êʀ9ɢʇɸSʬ1žϓS̱.+Ϟ 
 ȸžϓ2:ϝžϓp3$1ɸˀɢʇɸþȵʒƲ Ci [mass%]ϝIPF 
[mass%]ϝ͍ ϓΖìīɴ΂ u [m/s]ϝ͍ ϓò˧̵σʜɴȻ q [W/m2]S)P*P̵ 3-1
6ˎ&Ü6͉Ž$1žϓS̱.+Ϟ5ϝʜÆΌʦ9˦Ž6ÆȌ&Oȸžϓ˱
9͆ʁ9£ˋ":ϝȱŧ27.9 %3̽˙HMPOϞ 
 
Table 3-1  Experimental parameters 
 
 
 
 
 
  
C i [mass%] 8
IPF [mass%] 0*(Liquid*phase),**10
u [m*s61] 0.15,**0.20,**0.25,**0.30
q [W*m62] 5000,**10000,**15000
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3.3 [Ì¤z 
3.3.1 £[Ì¤z 
 ȸˇ˚61:Ñ͍ɴË3$1ɣkL=w~kɢʇɸSƊ
͝3$1žϓS̱ϝ)9Æʜʡǒ9Ɉ͇S̱.+ϝ)9Ćɛγ3$1ʠǒ
Üżí6ȦM35.1O˳ɢSÑ͍ɴË3$1žϓS̱ϝžϓvp
M˦ú"P+ƬŐʜÆΌʦ9ÜSțʥÜ3ɞͳ&O 32ϝžϓ̶̋6LN
Ĩκ"POvp9ŰƼǒ9Ɉ͊S̱.+Ϟžϓp3$1ϝɴ΂S 0.15ϝ
0.20ϝ0.25L= 0.30 m/s3$1žϓS̱.+Ϟ 
 ̠ʻ6ĜˀɴË9ò˧ĺN6OƻĂƊɴ6LOʜÆΌ9žϓȚʩƷ:ϝ
{smwșNuSX}lș ReL=wș Pr9άș3$1̵&ƽ
S3OϞȸˇ˚61:)9§2ȱH¿̵ʻ5Ζώ6Ɨ&OÀ¢9ƷSɞͳ
Ɗ͝3$1ǿʬ$+Ϟ 
 
  Num = C Ren Pr1/3 ϛ3.6Ϝ 
 
 
Table 3-2  Values for C, n in eq. (3.6) 
 
 
 
 
 
 
 
 9Ʒ: Hilpert M[1]ɡËL=ɸËSÑ͍ɴË3$1ʬ+žϓ˸ɂ6Ŕ0
1ȃɅ$+H92NϝƷ§9Žș CL= n:X}lș6ǎ%1̵ 3-2
6ǅɩŽ"POŽș2OϞ̵ MRO3NϝƷϛ3.6Ϝ: 0.4Re400000
3ƪưX}lșœ9ɡËL=ɸË6Ɗǎ&Oɧʬǒ9ϔƷ2
HilpertKnudsen,Katz		

Re C n
0.4-4 0.989 0.33
4-40 0.911 0.385
40-4,000 0.683 0.466
4000-40,000 0.193 0.618
40,000-400,000 0.266 0.805
Holemanpp203 (6-14)
C,nRe
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OϞ  
D+ϝFand M[1]ɸË9ɍɴ6LOò˧9čʜ6αŽ$+řı6LNL
žϓƷ3$1¢ƷSȃɅ$1O+Gϝ PHɞͳƊ͝3$1ǿʬ$+Ϟ 
 
  Num = (0.35 + 0.56 Re
0.52) Pr0.3 ϛ3.7Ϝ 
 
 9Ʒ:ɴP9¬PƏ"Ȫ6ϝ0.1Re1000009˩Ŋ2ǟ˝&O3"P1
OϞ 
ȸˇ˚2ʬ+žϓ̶̋6OɴP:¡9țʥƷ61Ćȃ3"P1
Oɍɴ3:ʴ5Nϝɴͬñ6͉̋"P+ò˧ĺN6OɴP2O+Gϝ
ò˧ĺŊ6OɴͬʤεΖ61ɴͬȞσ˙̇Ə$ϝƔǢʻ6ɴ΂¡
Ȥ&OǒͤSH.1OϞ 9ǒͤ:ò˧ĺŊ6OʜÆΌ6ȸžϓ̶̋Ō
ȳ9ƿτS¤O+G¡ͼ$+žϓƷ3Ĝ˳6ɞͳ&O 3:25Ϟ 
) 2ȸˇ˚2:țʥÜ39ɞͳS̱6+Nϝțʥ[2]6ʆǳ$1¢ƷSʬ
1ò˧ĺŊ6OƬŐɴ΂S˦ú$ϝ)9ÜSʬ1˦ú$+ÚəX}
lș Re*SƷϛ3.6ϜL=Ʒϛ3.7Ϝ6¿ì&O 32ƬŐ{smwș9˦
úS̱.1OϞ 
 
   ϛ3.8Ϝ 
 
  2ϝu*:ò˧͹à6OƬŐɴ΂[m/s]ϝu :͍ϓΖìīɴ΂[m/s]ϝD :
ò˧ʿǁ[m]ϝW :ɴͬƪ[m]S)P*P̵&ϞD+ϝƷϛ3.8Ϝ6OİÜ9
άÖSŋ 3-66ˎ&Ϟu*:ŋ§9˿ǾΖû6Oɴ΂9ƬŐÜ35.1OϞ 
ȸˇ˚9žϓ̶̋61: D=0.04mϝW=0.2m2Nϝ PMS¿ì&O3Ʒ
ϛ3.8Ϝ: 
 
  u* = 1.186 u ϛ3.9Ϝ 
 
u⇤ =
u
1  ⇡d/4W
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35OϞ 
 
 
 
 
 
 
 
Fig. 3-6  Definitions of parameters in the eq. (3.8) 
 
D+ϝİʖɗæΛ9˦ú6+.1:˳9ʠǒÜ3$1̵ 3-26ˎ&țʥÜS
ʬ+Ϟ 
ŋ 3-7 6ϝNum6ά$1žϓ˸ɂM˦ú$+žϓÜϝ5M=6Ʒϛ3.6Ϝ
L=Ʒϛ3.7Ϝ6LN˦ú"P+țʥÜSˎ&Ϟŋ9ɒͱ:͉Ž$+ɴ΂3ï6
ŤĔ&O Re*9ÜS̵$1OϞžϓ6L.1ǆMP+ Num: 2/9țʥƷM
˦ú"P+Ü3ɋ8̡ů5̞Sˎ$1Nϝí19žϓÜ:țʥÜM9Ý
Ƣ8 %9˩Ŋ2̞$+ϞD+ϝí19ȼÂ61ϝƷϛ3.6ϜLNHɸËS
ʬ+žϓ6Ώ$1O3"POƷϛ3.7ϜM˦ú"P+Ü9Ƞžϓ˸ɂ3
͹Ü35.1NϝƷϛ3.7Ϝ6αP;žϓÜ:țʥÜM5%Àñ9˩Ŋ2
̞$+Ϟ 9ãĴ:ȸžϓ6Ovp͆ʁL=øʩ9ŰƼǒS̷¾
O33H6ϝȸžϓ̶̋61Ĝˀ9ɸËSʬ+řıϝÆʜʧ͝ƻĂƊ
ɴ6ƻȓΗ"PO 3Sˎ$1O3̏MPOϞ 
 
 
 
 
 
 
u 
u*u*
W 
d 
Test%sec'on%
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Fig. 3-7  Correlation between Re* and Num for tap water 
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 3.3.2 )*0EnE 
 ŋ 3-86ϝɣk9ɴđɍˀSˎ$+ôˁ5M=6ɴđɐƷŋSˎ&ϞϛaϜ
 u=0.15 m/sϝϛbϜ u=0.30 m/s9řı2Nϝï6 IPF=10 mass%9ɣk
Sʬ+řı9˸ɂSˎ$1OϞ 
 ɴđȠĴ:ŋ9¢M¡2Nϝŋ9§ū6É̋&OϚòčʜò˧ϝİ
ŋƠß9ôˁ§61ĺŊ6ʺûƤ$1O9ɣ˫ŵ2OϞ'P9
ɴ΂ȼÂ61Hɣkɴ: θ < 90°9ĆȠψœ2:ò˧̵σ6ɬ.1Ż
Ž$+ƘɴS5$ϝθ = 90°¾͹61ĉμ&O 3ˋ͑"P+ϝθ > 90°
9ò˧ǃȠψœ61:)P*P9ɴ΂6ǎ%1ʡǊʻ5ǃɴSƽǟ$1
O 3ROϞ)P*P9ǃɴ6ɰʾ&O3ϝu = 0.15 m/s9ȼÂ61:
ɣ˫ŵŚʢĔ$1¡¢ƠĮ6Ǻđ&Oǹđˋ͑"P+Ϟ P:ϝ̠ʻ6
ɣk:ȑśǒɴË3$1ĩNǤRPO[3]ϝȸžϓ6Ñ$+ɣk6
:ɣ˫ŵ9÷κǒI˫ŵΫˀ´Íʬ6ͧň&OΰÄǎċÜŸŎ&O+G2
Nϝò˧ǃȠ9Êɴ΂œ61:(TȞǎċɴđΪŲ6ǌ̻35OΰÄÜ
6Ό$5.++G2O3̏MPOϞÊɴ΂ȼÂ61ŚʢĔ$1+
ɣk:ɴ΂¡Ȥ&O6ǅ.1Ǆ6ɴđĔ$ϝu = 0.30 m/s9ȼÂ6
1:ŋ 3-8(bϜ6ˎ$+L6ĺȵʻ5]ɿ9ʹʫ́ƈ"P+ϞD+ϝ
&A19ɴ΂ȼÂ61ĉμʔIIǃȠϝŋ 3-89ɐƷŋ6ȝ̂2ˎ$+É̋
6ƔǢʻ5 IPFɊG1Ə"5.1Oψœ́ƈ"P+Ϟ"M6 u=0.30 m/s
9ȼÂ61:ϝò˧è˟9L4Eʔʿ¢6ɣ˫ŵŚɴ̂6ɬ.+³ˢ͵
 ͂ƽʢ6ŗ˙$ϝǄ6ǟΨ$1:ǃȠ6ɴPģOĺȵʻ5ǹđ́ƈ"P
+Ϟ P:ϝɴ΂9¡Ȥ3ï6ɣ˫ŵ6Íʬ&OǨċŧ5Nϝò˧̵σ
6ɵċHčR.+ƻőʿǨċ6L.1ǭ$¾MPO+G6ϝò˧3ɣ˫ŵ
9Ϋ6ƻȋȐċÍʬ&O+G2O3̏MPOϞ 
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Fig. 3-8  Flow patterns of ice slurry  
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3.3.3  5Â@a 
 ŋ 3-96ϝu=0.15L= 0.25 m/s9ȼÂ6Oò˧̵σ9ƔǢʜÆΌʦûƤ
Sˎ&Ϟŋ9Ơß u=0.15ϝĮß u=0.25 m/s9˸ɂS)P*P̵$1OϞ
)P*P9ɴ΂ȼÂ61 IPF=10 mass%9ɣk6/1:ʜɴȻS
5000ϝ10000ϝ15000 W/m29 3΁N6ŤĔ"(ϝ"M6ɣkɸˀ3ĲʒƲ
9ɢʇɸSʬ+řı9žϓ˸ɂSR(1ˎ$1OϞ 
 ŋLNϝɣk9řıϝBCí19ʔ61ʜɴȻ9¡Ȥ33H6ʜ
ÆΌʦ¡Ȥ$1O 3ROϞ P:ϝò˧̵σM9ʹʜΛŠŧ&
O6ǅʀƲşʱƘñ6Ôì$+ɣ˫ŵ9̰̓ΛŠč&O 32ʎʜ3$1
ĶĨ"POʜΛŠč$ϝ)P6Ç.1ò˧̵σʀƲ9¡ȤʹʜΛ9Šč6
Ɗ$1Ə"5O+G2O3̏MPOϞ 
 D+ĉμʔIIǃȠ9 105°͹à9É̋61:ϝʜɴȻ¡Ȥ$1HʜÆ
Όʦ9¡ȤB3T4̽MP5 3ROϞ 9É̋:ϝŋ 3-86ˎ$+ɴ
đǹđ9́ƈ6L.1RO΁NϝƔǢʻ6 IPF Ê5.1Oψœ6ˀƼ
&OÉ̋2OϞ 9 3:ϝʜɴȻ9¡Ȥ6ÇʜÆΌʦ9¡Ȥϝ¡͈$
+ɣ˫ŵ9̰̓ΛŠč6LOʜÆΌ×ΆɕɌ6LOH92O 3S̷¾O
H92O3̏MPOϞ 
 ò˧S θ=90°Sş6ĆȠ3ǃȠ6ĕû$1)P*Pɰʾ&P;ϝò˧ĆȠ6
1:BCí19É̋61ɣkSʬ+řı9ʜÆΌʦϝɢʇɸ
Sʬ+řı9ʜÆΌʦLNHϔÜ35.1O 3ROϞ P:ϝ 
9ψœ61ɣ˫ŵɋ8ò˧̵σ6ɬ.1ɴPϝŦ9ɣ˫ŵʀƲşʱ
Ƙ@Ôì&O 32̰̓6LOÆʜ×ΆĐɂŧǆMP1O+G2O
3̏MPOϞȠϝò˧ǃȠ61:ɣkSʬ+řı9ʜÆΌʦ
3ɢʇɸSʬ+řı9ʜÆΌʦ9ŧƏƔǢʻ6ʴ5.1O 3ROϞ
 P:ϝ 9ψœ61̰̓6LOʜÆΌ×ΆĐɂ3ɣ˫ŵ6LNʜÆΌ
ήƀ"POĐɂǶǨ$1O+G2O3̏MPOϞʜÆΌ9ήƀĐɂ9
̻ň3$1:ϝĆφ2ͼA+Êɴ΂ȼÂ6OŚʢĔ̏MPϝ"M6ɣ
˫ŵɞͳʻ̡ů6ɴđĔ$1Oϔɴ΂ȼÂ61H˫ŵΫ9ˀ´Íʬ6
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L.1̽¡9˭ǒɢʇɸ3ɞͳ$1ŧ5.1O 36LOƊɴǧ
ĂĐɂǗŽ"POϞ)P6č1ϝò˧ǃȠψœ61:ɵċ6L.1ɣ
˫ŵ¡Ƞ6Ƹ.ƺMPO 36L.1ɣ˫ŵò˧̵σMƸμ"Pϝ̰
̓6LOÆʜ×ΆĐɂò˧ĆȠB46:ǆMP153̏MPOϞ 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-9  Distribution of local heat transfer coefficient  
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3.3.4 = ­Ê`m59À@a 
 ȸˇ˚2:ϝɣ˫ŵ9ʜÆΌʦûƤ@9Ƅ¤S͌Ó&O+G9Ǹɏ3$1
hθ/hθL3ÜSŽ̍$+Ϟ  2 hθ:ɣkSʬ+řı9ƔǢʜÆΌʦϝ
hθL:ɢʇɸSʬ+žϓMǆMP+ʜÆΌʦS)P*P̵&Ϟȸ͘ț6
1: 9ÜSÆʜ×Άʦ3ļ> 33&OϞÆʜ×Άʦ9Ü:Ĝˀɴ3ɞ
ͳ$+řı6ɣ˫ŵʜÆΌ6ĥC&˗9ƿτSēǵʻ6Ǯú&O+G9ȳ
Đ5Ǹɏ65NO3̏MPOϞ 
 ŋ 3-106ϝ&A19ɴ΂ȼÂ61ɣ˫ŵ6LOÆʜ×ΆĐɂȱHŧ
ǆMP+ q=15000 W/m29ʜɴȻȼÂ29ϝİɴ΂6OÆʜ×ΆʦûƤS
ˎ&Ϟɣkò˧̵σ6ɬ.1ŻŽ$+ƘɴS5$1O θ90°9ò˧
ĆȠ6ɰʾ&O3ϝɴ΂9¡Ȥ6ÇϝÆʜ×Άʦ9Ü:ò˧ĆȠψœ6
OÉ̋ò˧è˟2O 0°6͹0B4ɾƐ$ϝĉμʔIIĆȠ9 90°͹à6͹
0B4Šč$1OãĴ̽MPOL65.1O 3ROϞ 
  9ġň3$1ϝɴ΂9¡Ȥ6Ç.1ɸˀ3ɣ˫ŵ)P*P6:+MΎǋ
ċ9Ƣ6ͧň&O̽¡9Ë˙ċ9:+M6LNɣ˫ŵ9ò˧̵σ@9Ȁ
̈́ʢǙŤĔ&O 3̏MPOϞ 
 ˡ 2 ˞2ˎ$+w~kɢʇɸ9ʠǒMRO΁Nϝɸˀ2Ow
~kɢʇɸ:Ōˀ2Oɣ˫ŵ9ƅƲϛ0 °C61 917 kg/m3ϜLNHŧ
5ƅƲSH.1OϞĜÉË˙+N9ʠͤ6:+MΎǋċ:)9ʠͤ9
ƅƲ6ɞÐ&O+GϝĲ9͂΂Ʋ2ò˧͹àS΁Ί&Oɸˀ6:ϝɣ˫ŵL
NHƻΎǋċÍʬ$1O:'2OϞǅ.1ϝΙċL=ɵċSʖ̾&
P;ϝȮ̂SȂ5MɴPOɣkñΖ6Oɣ˫ŵ6:ϝ̽ ¡ϝ
ǌ'Ȯʦ9ñß6Ĵ.1ċÍʬ$1OL6̽OϞ 9̽¡9ċ
Sϝ  2:̽¡9Ë˙ċ3ļ>Ϟ  
  9 36άÖ&OΊģ9ˇ˚3$1ϝƝěM[4]ͺ$xñSɴPOɣk
9ʜÆΌʡǒ6ά&OŘĹS̱.1Nϝɣ˫ŵË˙ċ9Íʬ6LN
Ȯʦ9ñß@ƸƄ(MPO3ɴđǹđϝL=ɣ˫ŵxñßšσ
3̡ů5Ȁ̈́S̱ 36LOʜÆΌʦ9¡Ȥ6/1ȦM6$1OϞ 
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 ŋ 3-116ϝò˧ĆȠ͹àS΁Ί&Oɣ˫ŵ6:+M̽¡9Ë˙ċ9Ĵ
SɐƷʻ6ˎ&Ϟ&A19ɴ΂ȼÂ61ò˧ĆȠMɴP1+ɣ˫ŵ
:ɋ8ŋ6ˎ&L5ȮʦSH.+ͯͫSȂ//ò˧ĆȠ͹àS΁Ί&OϞ 
 ŋLNϝθϡ45°¾͹61ͯͫ9Ȯʦ9Ĵ;Ͱ&OŤȮʔŸŎ&O 
3ROϞ$+.1ͯͫ9ŤȮʔ61ɣ˫ŵ6Íʬ&OË˙ċ9Ĵ
ħͰ$ϝŤȮʔÀĆ6OË˙ċ:ɣ˫ŵSò˧MΎ#OȠĴ@ϝŤ
ȮʔÀΰ61:ò˧@ƸƄ(OȠĴ@Íʬ$1O:'2OϞ 
 Ύǋċ:͂΂Ʋ9̝«6ɞÐ&O+Gϝ̽¡9Ë˙ċ9ŧ":ϝɴ΂
9¡Ȥ33H6ŧ5.1O3̏MPOϞ&5R-ϝɣ˫ŵȂͯͫ
9ŤȮʔÀĆ61:ɴ΂9¡Ȥ6Çɣ˫ŵSò˧MƸμ&ċŧ
5O 32ɣ˫ŵò˧̵σMΎ#NϝŤȮʔÀΰ61:ɴ΂9¡
Ȥ3ï6ɣ˫ŵSò˧@Ƹ/Oċŧ5O 36LNɣ˫ŵϋ̉6
ʀƲşʱƘñ@Ôì$1O3̏MPOϞò˧ĆȠ6Oɴ΂9ŤĔ6Ç
Æʜ×Άʦ9ŤĔ:ϝ¡͈$+ΎǋûμŅ3Ĳɍ9]zl6LNϝɣ˫
ŵ3ò˧̵σ39Ȁ̈́ʢǙŤĔ&O 36ͧň$1O3̏MPOϞ 
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Fig. 3-10  Distribution of ratio between hθ and hθL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-11  Schematic of apparent body forces   
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3.3.5 cR5Â 
 ŋ 3-126ϝɣk3ɢʇɸ)P*PSʬ+řı9žϓ˸ɂMƷϛ3.4Ϝ
6L.1˦ú"P+ θ90°9čʜò˧ĆȠψœ6OƬŐʜÆΌʦ hm-FRSϝ
͍ϓΖìīɴ΂ u Sɒͱ3$1ˎ&ϞŋLNϝɣk9řı9ʜÆΌʦ:
ɴ΂3ï6¡Ȥ&OãĴ͑GMPOϞ+,$ϝu = 0.30 m/sϝq = 5000 W/m29
ȼÂ619E 9ãĴ3ı̞$5˸ɂˎ"P1O 3ROϞ 
P:ϝŋ 3-86ˎ$+3N u = 0.30 m/s9ɴ΂ȼÂ2:ò˧è˟6ɣ˫ŵŗ
˙$1:ɴPģOĺȵʻ5ǹđˋ͑"P+ϝq = 5000 W/m29ÊʜɴȻȼÂ
61:ɣ˫ŵŚò˧3Ȁ&Oσ6O̰̓9Ά̱·ϝ$+.1
ŗ˙$+ɣ˫ŵΨȪΫ6R+.1ò˧̵σ6¾˃$˽++G2O3̏
MPOϞ P3Ĳɍ9ʧ͝3$1ϝ̪̐M˧ýĺN6Oɣk9ʜ
ÆΌ9žϓS̱.1Nϝɣ˫ŵŗ˙&Oψœ6OʜÆΌʦ9Ê¢SŘ
Ĺ[3]$1OϞ PM9˸ɂ:ϝɣk6LOϔʜÆΌʦSǆO+G6:
ɣ˫ŵò˧̵σ6Ȁ̈́$1O 36čϝɣ˫ŵɸˀñ6ûȘ$+ʢǙ
2ɴđ$1Oǌ̻O 3Sˎ$1O3̏MPOϞ"M6ɢʇɸ9ř
ı3ɞͳ$1ϝɣk9řıϝɴ΂9¡Ȥ6Ç.1ɴ΂6Ɗ&O hm-FR9¡
ȤƏ"5.1Kϝɢʇɸ9Ü6Ȁ͹$1KãĴ͕EĩPOϞ P:ϝ
Ćφ6ͼA+ɴ΂9¡Ȥ6ÇÆʜ×Άʦ9ŤĔ6ͧň$1Nϝčʜò˧è
˟͹à6OÆʜ×Άʦ9Ê¢ θ=90°͹à6OÆʜ×Άʦ9¡ȤLN
HƬŐʜÆΌʦ6ŧ5ƿτSĥC&+G2O3̏MPOϞ 
 ŋ 3-136ϝƷϛ3.5ϜSʬ1˦ú"P+ÆʜσíË6OƬŐʜÆΌʦ hm
9ÜSˎ&ϞŋLNϝBCí19ȼÂ61ɴ΂9¡Ȥ3ï6ƬŐʜÆΌʦ
Ĝˀɴ3Ĳɍ9¡ȤãĴSˎ$1Nϝè6ͼA+ò˧ĆȠψœ6OƬ
ŐʜÆΌʦ hm-FR 3ɞͳ$1ɴ΂¡Ȥ6Çã9ɾƐ:Ə" 3ROϞ
 P:ϝò˧ǃȠψœ61:Ĝˀɴ3Ĳɍ6ɴ΂9¡Ȥ6Ç.1ʜÆΌʦ
¡Ȥ$1K+Gϝò˧ĆȠ6EMPOÆʜ×Άʦ9Ê¢9ƿτˀƊʻ6
Ə"+G2O3̏MPOϞ 
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 ŋ 3-146ϝƬŐʜÆΌʦ6H301˦ú$+Æʜ×Άʦ hm/hmLSˎ&Ϟŋ
LNϝɴ΂9¡Ȥ6Ç.1Æʜ×ΆʦÊ¢$1ãĴ͕EĩPOϞ P
:ϝ¡ͼ$+3Nò˧è˟͹à6OÆʜ×Άʦɴ΂9¡Ȥ6Ç.1Ê
¢&O+G2O3̏MPOϞ)P6č1ϝɴ΂9¡Ȥ3ï6ȸžϓ9Æ
ʜʧ͝61ƊɴʜÆΌ6ȓΗ"POψœŠŧ$1Kϝɣ˫ŵ9̰̓
ĥC&ƿτˀƊʻ6Ə"5O 3Hň35.1O3̏MPOϞ 
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Fig. 3-12  Average heat transfer coefficient in the front region of heated cylinder 
 
 
 
 
 
 
 
 
Fig. 3-13  Average heat transfer coefficient in whole heat transfer area 
 
 
 
 
 
 
 
 
 
Fig. 3-14  Ratio between hm and hmL  
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3.3.6 5»:°y¤z  
 ĆφD29˸ɂLNϝɢƬčʜò˧ĺNSɴPOɣk9Æʜʧ͝:ϝ
ɣk9ɴ΂ϝò˧̵σʜɴȻϝɣ˫ŵ9ȳʖϝL=͙ʠǒÜ6LNƿ
τSĪO 3R.+Ϟȸφ2:ϝ PM9pSʖɗæĔ$ϝ
ɗæ̓ɀS̱ 36LNžϓȚʩƷ9ƎúS̱.+Ϟ 
 ɗæ̓ɀS̱6+NϝD'ƬŐ{smwș Num:À¢9άș2̵"P
OH93ÁŽ&OϞ 
 
   ϛ3.10Ϝ
 
 
  2ϝRe*ϝPrϝSte :)P*PÚəX}lșϝwșϝkuU
ș2Nϝ¢Ʒ6L.1Ž̍"POϞ 
 
   ϛ3.11Ϝ
 
 
   ϛ3.12Ϝ 
 
 
 ϛ3.13Ϝ 
 
  2ϝIPFv :ɣk9Ë˙Ōˀʦ[-]2Nϝɻŷ Is L= I :)P*P
ɣkL=ɣ9ʠǒÜ2O 3Sˎ$1OϞD+ϝ¿̵Ψ"3$1
čʜò˧ʿǁϛD = 0.04 mϜSʬ+ϞkuUș6ĵDPO L:ɣ˫ŵ9̰
̓ʎʜ2Nϝțʥ[5]6Ŕ0 L = 3.33×105 J/kg3$+Ϟ5ϝÚəX}l
ș Re*6ĵDPOÖș 1.186:ϝ3.3.1φ2ͼA+3Nȸžϓ61Ãǘ6͉
Ž"P+ɴͬƪʜÆΌ6ĥC&ƿτS̏ǜ$ϝ͍ϓΖìīɴ΂3$1Ž̍"
P+ u S͍ϓò˧ßȠʤεΖ6OƬŐɴ΂@3Úə&O 32ʩǗʻ5
ɍɴ§6P+ò˧3Ĳˢ6ɞͳ&O+G9̸əÖș2O[2]Ϟ 
 
Is
IsIs
λ
µc
Pr =
Num =
hmD
 Is
= f(Re⇤, P r, Ste)
Re⇤ =
⇢Is ⇥ 1.186uD
µIs
Ste =
⇢IscIs(qD/ Is)
IPFv⇢IL
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 ɸˀ9ʠǒÜ6/1:ϝƅƲL=˭ǒÖș6Ɗ$1w~kɢʇɸ
9žʁÜϝɞʜL=ʜÆƎʦ6Ɗ$1:˳ɢ9 0 °C6OțʥÜ[6]S)P
*Pʬ+ϞD+ϝŌˀ9ʠǒÜ3$1:ͿȦɣ9 0 °C6OțʥÜ[5]Sʬ
+Ϟ 
 D+ϝȸžϓ9ʀƲœ2O÷Ōʔ͹à61ƻʀƲÒŸǒSˎ&˭ǒ
Öș6Ɗ$1:ϝĆ˞2ͼA+L6Ʒϛ2.11ϜL=ϛ2.12Ϝ6LNʀƲÒŸ
ǒS̏ǜ6ìP1˦ú$ϝƷϛ2.12Ϝ§9ʀƲ3$1:žϓ˸ɂLNǆMP+̜
ʀƲSʬ+Ϟ  
 
 À¡9L6$1̽˙HMP+İʠǒÜ6čϝžϓȼÂL=žϓ˸ɂ
MǆMP+ʖɗæșSʬϝȱƏ³«ɮ6L.1ȚʩS̱3ŋ 3-156ˎ&˸
ɂǆMP+ϞŋLNϝžϓ˸ɂ:10 %˖Ʋ9˩Ŋñ2À¢6ˎ&ȚʩƷ6
L.1̵"PO 3ROϞ 
 
  Num = 0.221 Re*0.444 Pr1/3 Ste0.297 ϛ3.14Ϝ 
 
  (2250Re*4740ϝ17.2Pr20.4ϝ36.5Ste110) 
 
 
 
 
 
 
 
 
 
 
Fig. 3-15  Correlation among dimensionless numbers   
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 3	 
 ȸ˞61:ϝɣkSʠËõğ6ʬ+řı6ʡȳ9ÆʜʡǒSǦ
ȅ&O+Gϝčʜò˧ĺN6Oɣk9ƻĂƊɴʜÆΌʡǒ6/1
žϓʻɈ͇S̱ϝ˸ɂSɸË9Ĝˀɴ3ɞͳ$+˸ɂϝȸˇ˚9˩Ŋñ6
1À¢9˸͘Sǆ+Ϟ 
 
ϛ1ϜÑ͍ɴË3$1ɣkSɴđ"(+řıϝʜɴȻ9¡Ȥ33H6ʜÆ
Όʦ¡Ȥ&OϞ 
 
ϛ2Ϝɣk:ϝ©6ò˧ĆȠψœ61ɢʇɸLNHϔʜÆΌʦSˎ
&Ϟ 
 
ϛ3Ϝɴ΂9¡Ȥ33H6ϝĆȠL4Eʔ͹à61:Æʜ×ΆʦÊ¢&OϞ
;6ϝĉμʔ͹à61:Æʜ×Άʦ¡Ȥ&OϞ 
 
ϛ4Ϝɴ΂9¡Ȥ3ï6ϝʜÆΌʦ9¡Ȥ6Ɗ$1ɣ˫ŵƄ¤&OĊı:Ə"
5.1KϞ 
 
ϛ5Ϝȸžϓ6LNǆMP+ƬŐʜÆΌʦ:ϝ2250Re*4740ϝ17.2Pr20.4ϝ
36.5Ste1109˩Ŋ61À¢6ˎ&Ʒ6L.1̵& 32OϞ 
 
  Num = 0.221 Re*0.444 Pr1/3 Ste0.297 
 
 À¡LNϝɣk9ƻĂƊɴ6L.1čʜʠËSõğ&Ořı6ʡȳ9ϝ
ʜÆΌ]zl9͙ʡǒȦM35.+Ϟɣ˫ŵ9̰̓6LOÆʜ×ΆĐ
ɂSǆO6:Æʜ9ȓΗ̻ň6ĝGOƊɴ9ƿτƏ"Êɴ΂ȼÂ9Ƞȳ
Đ2O 3Iϝò˧ĆȠ61:΂Ʋ6LNɣ˫ŵ9Ȁ̈́ʢɭŤĔ&O
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3̏ƈ˸ɂ:ϝɣkSʬ+ɍ5ƽʢ9ʠËõğS͆ʰ&Oη9
ǸΝ35O2Q3°Ǘ"POϞ 
 ȸˇ˚61Ɉ͇$ǆ+ɴ΂ȼÂ9˩Ŋ61:Êɴ΂ȼÂB4ɣ9̰
̓6LOÆʜ×ΆĐɂϔ 3R.+ϝ"M5OÊɴ΂ȼÂ61
:ɣ˫ŵ6LOÆʜ×ΆĐɂ49˖ƲǆMPO6/1ϝºǃ9Ɉ͇ȴ
DPOϞ 
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 4 = ¨3 
)*0E5Â 
 
4.1 |· 
 Ć˞D29Ɉ͇MϝĜ˧ĺN6Oɣk9ʜÆΌʦûƤȦM
35.+Ϟ) 2ȸ˞61:iZVxrŒO:Ŧ˧Œʜ·
ȄŅ9˧ťßɴË3$1ɣkSāʬ&O 3Sǐω6̋ϝɣk
˧̌S΁NǪ1ɴPOřı6OɴđL=Æʜʡǒ6ά$1Ɉ͇S̱
Ϟ 
 ɣkSõğŴË3$1Ǽ+řı9ŧ5ΨǢ3$1ϝ˼˽ʻ5õğ
6OõğƊ͝ʠ39ʀƲƢØǷĐɂǹMPOϞ΁Ʃ9ĜˀɴËSʜ·
ȄŅ9ÊʀßɴË3$1ʬO3ϝϔʀɴË9ʜSŮ3ĲȪ6ÊʀɴË9ʀ
Ʋ¡Ȥ&OϞʜ·ȄŅ6O·ȄʜΛ:ġĄʻ6¥ɴËΫ9ʀƲƢ6ɞÐ
&O+GϝÊʀɴË9ʀƲ¡Ȥ:ʜ·ȄŅ9ĜÉȪΫ+N6O·ȄʜΛ
9Ê¢@3/5OϞȠϝɣk:ɣ˫ŵ9̰̓ʎʜ3ƽ2ʜSĶ
Ĩ&O92ϝϔʀɴËM˼˽ʻ6ʜSĶĨ$1H)P̝ͮ9ʀƲ:¡Ȥ('ϝ
ǅ.1ϔʀɴË39ʀƲƢSŧØ/ 32O3°Ǘ"Pϝ·ȄʜΛ9
ɾƐSǧĂ&OĐɂȵǂ"POϞ 
 ) 2ȸ˞61:ϝĆ˞2ʬ+žϓ̶͍̋ϓΖ9čʜò˧DRN6č
ʜL=ʀƲ͆ʁɕ̖SǷ+5qò˧SΗ̋&O 32ĘϖΗýL=
ˊʽΗýSƽǟ$1žϓS̱ϝɣk9ɴđL=ʜÆΌʡǒ6/1
Ɉ͇S̱.+Ϟ 
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4.2  ¨Å§fk 
 ˊʽΗýL=ĘϖΗý)P*P6Ɗ$1ϝžϓp3$1ɢƬȠ
Ĵ9ò˧§ǋΫͪμ SVϢmmϣϝ5M=6ɢƬȠĴ9˧§ǋΫͪμ SH [mm]S)
P*P̵ 4-16ˎ&Ü6͉Ž$1žϓS̱.+Ϟ)9Η̋ƽǙSŋ 4-1L=ŋ
4-26ŋˎ&OϞ)9½9žϓȼÂ:Ć˞2ͼA+Ĝ˧6LOžϓ3&A1Ĳ%
ȼÂ61̱.+Ϟ˧̌S΁Ί&Oɣk9ƬŐɴ΂:ɴͬȞσ˙9̇Ə6
LNǌʗʻ6Ĝ˧6LOžϓLNHŧ5OϝžϓȼÂ6Oɴ΂ u 
[m/s]:ϝ&A1͍ϓΖìNīƬŐɴ΂61˺$+Ϟ 
 
Table 4-1  Parameters for arrangement of cylinder array 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-1  Arrangement of cylinder array; 
Aligned arrangementSV=60 mm, SH=100 mm 
SV[mm] SH[mm]
Aligned arrangement 60 100
Staggered arrangement 60 100, 66.7
FLOW%
200##mm#
S V
=6
0 #
SH#=#100#
Heated%
cylinder#
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  (a) SV=60 mm, SH=100 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) SV=60 mm, SH=66.7 mm 
 
Fig. 4-2  Arrangements of cylinder array; 
Staggered arrangement  
SH"="100"mm"
FLOW&
S V
=6
0 "
Heated&
cylinder"
SH"="67"
FLOW&
S V
=6
0 "
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4.3 [Ì¤z 
4.3.1 ÅA)*0E~} 
 ŋ 4-36ϝˊʽΗýϝSV=60 mmSH=100 mmIPF=10 mass%ϝu=0.15 m/s6
Oɣk9ɴđǹđȍƿ$+ôˁSˎ&Ϟ 
 ôˁLNϝ¥ɴ΂ȼÂ3H͍ϓò˧SĵF§ūý9ò˧Ϋ6ŚʢĔ$+ɣ˫
ŵŗ˙$1O 3ROϞŗ˙$+ɣ˫ŵ:ϝƠĮSɴPOɣk
9ɴP6ƫɽ"PϝɴđĔ3ÞʊS̊Nͺ$5MŇͰ$1Oɍŵˋ͑"
P+Ϟ 
 D+ϝ͍ϓò˧ĆȠ9ɣ˫ŵŚLNHǃȠ9˫ŵŚ9ȠϝɴđĔ9ϋƲ
Ŧϝɳʹ6ΉđS̱.1Oɍŵˋ͑"P+Ϟ P:¢9˫ŵŚčʜS
̱.15qò˧6ɬ.1ɴP1+ɣk3Ȁ̈́$1O96Ɗ
$ϝ¡9˫ŵŚ:͍ϓò˧6LNčʜ"Pϝɣ˫ŵ9̰̓6LNƔǢʻ5 IPF
Ê¢$ϝ)9˸ɂ˭ǒÖșÊ¢$ϝɴđǒ9ϔD.+ɣkɴ3Ȁ̈́
$1O+G2O3̏MPOϞ 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-3  Flow pattern of ice slurry; 
IPF=10 mass%, Aligned arrangementSV=60 mm, SH=100 mm, u=0.15 m/s  
Clusters of  
iceparticles 
Heated 
cylinder 
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4.3.2 HÍÅAE~} 
 ŋ 4-46ϝĘϖΗý6Oɣk9ɴđɍˀSȍƿ$+ôˁSˎ&Ϟɢ
ƬȠĴò˧§ǋΫͪμ SH=100 mm9Ηý61ϝÊɴ΂ȼÂ2O u=0.15 
m/s9ȼÂ2:ϝò˧ǃȠ6IIɴđĔɣ˫ŵŚƽǟ"Pϝ)9ñΖ61
:˧9ΫS΁NǪ1ǃȠ@ĴɴP9ƿτSĪϝɣ˫ŵĦŵɿ9L
5đ2KOI6ǈʪ&Oɍŵˋ͑2+ϞSH=100 mm 9Ηý6O
u=0.30 m/s9ȼÂ61:ϝĺŊSɴPOɣk3Ĳ˖Ʋ6D2ɴđĔ$
+ɣkϝĦŵɿSƽǟ$//ʐ$ƠĮ6Ǻđ&Oɍŵ́ƈ"P+Ϟ
D+ϝò˧è˟61:ϝĜ˧9řıLN΢ῦ3ˆƱ͵Sȳ&Oɣ˫
ŵŚƽǟ"PϝȪǩɴPģ.1:ó=ƽǟ"POǹđˋ͑"P+Ϟ 
 ¥ɴ΂ȼÂ3HϝĜ˧9řı3Ĳɍ6 90͹à2ɴP9ĉμͧ .1+
ϝ˧̌61:ĺŊ9ò˧6ɴPǱȻ"Pϝò˧ǃȠ9ɴPIIò˧
6ɬĴ35.1O 3ROϞD+ϝ)9ɴP6ÇĉμʔǃȠ6
Oɣ˫ŵ95ψœĜ˧3ɞͳ$1̣ƫΨƽǟ"PO 3́ƈ"P+Ϟ 
 SH=66.7 mm9řı61:ϝ'P9ɴ΂ȼÂ61Hò˧ǃΖ6
1: SH=100 mmϝu=0.30 m/s9ȼÂ3Ĳɍϝ˧ 9ǃȠ6ʐ$Ǻđ&OĦŵɿɴ
Pƽǟ"P+ϞD+'P9ɴ΂ȼÂ61Hò˧è˟61: SH=100 
mm9ĘϖΗýLNΟῦ3ϝĜ˧9řıLNˆÊ͵Sȳ&O³ˢ͵ ͂ƽ
ʢ9ɣ˫ŵŚŗ˙$ϝϋ̉6ǃȠ@3ɴPģNϝ͸΂6ó=ȯȟ"POɍŵ
ˋ͑"P+Ϟ 
 ́%1ĘϖΗý6OɴPɐɍ:ϝ͍ϓò˧ĺN9ɴPĺŊ9ò˧6L
NǱȻ"PO 36čϝɴͬʤε35O 36L.1ɴ΂¡Ȥ&O+G
ò˧ǃȠ61Hɣ˫ŵ9Þʊͧ M5 36LNϝɴđɐɍ:ɴ΂6
"B4ÒŸ('ŻŽ$+ɴPSØ/ãĴ̽MP+Ϟ  
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    SH=100 mm, u=0.15 m/s                    SH=100 mm, u=0.30 m/s 
 
 
 
 
 
 
 
 
 
 
 
    SH=66.7 mm, u=0.15 m/s                    SH=66.7 mm, u=0.30 m/s 
 
 
Fig. 4-4  Flow patterns of ice slurry;  
IPF=10 mass%, staggered arrangements 
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4.3.3 `m5Â@a 
 ŋ 4-56ϝˊʽΗý5M=6 SH=100 mm9ĘϖΗý6OʜÆΌʦûƤS
ˎ&Ϟŋ9ƠęòˊʽΗýϝĮęòĘϖΗý6OʜÆΌʦûƤSˎ$
1OϞ 
 ŋLNϝˊʽΗý61: 30°θ105°ϝĘϖΗý61: 0°θ90°
9ψœ61ϝɣkSʬ+řı9ʜÆΌʦɢʇɸSʬ+řıL
NHϔ5.1O 3ROϞ P:ϝ 9ψœ61:ɣ˫ŵò˧
̵σ3̡ů5Ȁ̈́ʢǙ6Nϝ5/ŚʢĔ&O 35̡ů5ƊɴʜÆΌ
̱RP1O 36LNϝò˧̵σ9ʀƲ¡ȤǧĂ"P1O+G2O
3̏MPOϞ 
 D+ϝ¡͈9ψœ61ʜɴȻ9Šč33H6ʜÆΌʦύ̪6¡Ȥ$1
O 3ROϞ P:ϝʜɴȻ9Šč6Ç.1ɣ9̰̓Λ5M=6̰̓ʎ
ʜĶĨΛŠč&O 36LNϝò˧̵σʀƲ9¡ȤSǧĂ&OĐɂŧ
5O+G2O3̏MPOϞ)P*P9˧Ηý6OʜÆΌʦûƤSɞͳ
&O3ϝĘϖΗý61:Ĝ˧9řı3Ĳɍϝ0°θ90°9ò˧ĆęΖûíË
61ʜÆΌʦϔÜSˎ$1O96Ɗ$ϝˊʽΗý61:ò˧è
˟͹à9ψœ61ʜÆΌʦŧÊ¢$1O 3ROϞ P:ϝ
čʜò˧ĆȠ9qò˧3ϝ)9ǃΖ6ŗ˙$+ɣ˫ŵŚ6LNčʜò˧è
˟͹à6OƊɴΐMP1O+G2O3̏MPOϞ 
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Fig. 4-5  Distribution of heat transfer coefficient 
 
 
4.3.4 cR5Â 
 ŋ 4-66ϝˊ ʽΗý5M=6 SH=100 mm9ĘϖΗý6OƬŐʜÆΌʦSϝ
͍ϓΖìīɴ΂ uSɒͱ3$1ˎ&ϞʜɴȻSp3$1ŤĔ"(ϝ 
¥Ηý3HϝĜ˧9řı3Ĳɍϝɴ΂9¡Ȥ33H6Ɗɴ6LOʜÆΌʦ9¡
ȤEMPO 36čϝʜɴȻ9¡Ȥ6Çϝɣ˫ŵ9̰̓ȜŠč6ͧň&
OʜÆΌʦ9¡ȤEMPO 3ROϞ 
 2/9Ηý61ˈ̂2ˎ$+Ĝˀɴ6OʜÆΌʦɴ΂9¡Ȥ6Ç
.1BCĲɍ9ŠčSˎ$1O96Ɗ$ϝɣk9řı:ϛbϜ6ˎ$+
ĘϖΗýLNHϛaϜ6ˎ$+ˊʽΗý61ϝɴ΂9¡Ȥ6Ɗ&OʜɴȻ9
¡ȤƏ" 3ROϞ P:ϝĆφD26ˎ$+L6̆ý&Oò˧Ϋ
61ɣ˫ŵ9ŗ˙6L.1ƊɴÞʊ&O+GϝˊʽΗý61:ɴ΂
9ƿτƬŐʜÆΌʦ6ħȨ"P6+G2O3̏MPOϞ 
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(a) IPF=10 mass%, Aligned arrangementSV=60 mm, SH=100 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) IPF=10 mass%, staggered arrangement, SV=60 mm, SH=100 mm 
 
Fig. 4-6  Average heat transfer coefficient 
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4.3.5 MÅAcR5Â¾ 
 ŋ 4-76ϝĜ˧SĵF)P*P9Ηý61ϝq=15000 W/m29ʜɴȻȼÂ6
1ɣkSʬ+řı6ǆMP+ƬŐʜÆΌʦSˎ&Ϟŋ9ɒͱ:İΗ
ý6OɴͬȞσ˙9΍6ͧň&Oɴ΂9Ƣ6LOƿτS̏ǜ6ìPO+
GϝɗƷ2̵"POİ˧Ηýϝİɴ΂ȼÂ6Oȱŧɴ΂ umaxS̵$1OϞ 
 
  umax = ru  ϛ4.1Ϝ 
 
  2ϝr:İ˧Ηý6O͍ϓΖìīɴ΂ u6Ɗ&Oȱŧɴ΂ umax9ɞ2
Nϝİ˧ΗýŌȳ9Žș2OϞ̵ 4-26ϝİ˧Ηý6O r9ÜSˎ&Ϟ 
 
Table 4-2  Varues of r for each arrangement 
 
 
 
 
 
 
 
 
 ŋLNϝ&A19Ηý61 umax 9¡Ȥ6ÇϝƬŐʜÆΌʦ¡Ȥ$1
O 3ROϞ P:ϝĜˀɴ9ʜÆΌ3Ĳɍϝumax9¡Ȥ6ÇƊɴ6L
OÆʜ×Άͧ .1O+G2O3̏MPOϞ 
 D+ϝĲ˖Ʋ9 umax 61:ĘϖΗýϔʜÆΌʦSˎ$1O 3
ROϞ P:ϝʤε35Oɣk9ɴͬƠĮ9 2 ȠĴ6$5Ĝ˧
9řı3ɞͳ$1 4 ȠĴ6ʤεΖŸŎ&OĘϖΗý:ϔɴ΂9ɣk6
Ȁ$1OÆʜσ˙ư 3ϝD+ˊʽΗý9L6ɣ˫ŵ9̪$ŗ˙6
LNÆʜűMPO 3ʖ+G2O3̏MPOϞ 
Arrangement r
Single cylinder 1.25
Staggered arrangement,
SH=100 mm
1.31
Aligned arrangement,
SH=100 mm
1.67
Staggered arrangement,
SH=66.7 mm
2.5
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 ŋ 4-86ϝĜ˧SĵF)P*P9Ηý61ϝq=15000 W/m29ʜɴȻȼÂ
2ǆMP+ϝÆʜσ˙íË6Oɣ˫ŵ9ƿτS̵&Ǹɏ hm/hmL Sϝŋ 4-7
3Ĳɍ6 umaxSɒͱ3$1ˎ&Ϟ 
 ȸžϓ6OB3T4í19ȼÂ61ʜɴȻ9¡Ȥ33H6 hm/hmL9
Ü¡Ȥ$+ϝȱŧ9ʜɴȻȼÂ2O q=15000 W/m261Hϝumax¡
Ȥ&O3 hm/hmL9Ü 1.1-1.2˖Ʋ6Ê¢$1O 3ROϞ P:ϝɴ΂
9¡Ȥ33H6ʜÆΌɕɌ61ƊɴȓΗʻ35.1KϝʜÆΌ6ĥC
&ɣ˫ŵ9̰̓9ƿτˀƊʻ6Ə"5O+G2O3̏MPOϞ 
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Fig. 4-7  Correlation between umax and average heat transfer coefficient; 
IPF=10 mass%, q=15000 W/m2 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 4-8  Correlation between umax and hθ/hθL; 
IPF=10 mass%, q=15000 W/m2 
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 4	 
 ˡ4˞61:ϝɣkSʬ1˧̌9õğS̱.+řı6OÆʜ
ʧ͝9ǦȅSʾʻ3$1ϝˊʽΗý5M=6ĘϖΗý6OƻĂƊɴʜÆΌ
žϓS̱.+˸ɂϝȸˇ˚9˩Ŋñ61À¢9˸͘Sǆ+Ϟ 
 
ϛ1ϜˊʽΗý61ϝɣ˫ŵò˧̵σ6ŗ˙$1Śʢ35Oψœ61
:ʜÆΌʦÊ¢&OϞ 
 
ϛ2ϜˊʽΗý9˧̌61:ϝɴP6Ƭ̱5ȠĴ6¦T,˧9Ϋ6ɣ˫ŵ
ŗ˙$ϝĜ˧LNHʜÆΌʦÊ¢&OϞ 
 
ϛ3Ϝɣk9ɴ΂¡Ȥ6Ç.1ʜÆΌ6ĥC&Ɗɴ9ƿτŧ5Nϝ
ɣ˫ŵ9̰̓ȓΗ&Oψœ:ˀƊʻ6Ə"5OϞ 
 
ϛ4Ϝɣ˫ŵ9ŗ˙ʹʫ&O549Ðťʻ5řıS9*ϝɣk:ɋ8
ɢʇɸLNHϔʜÆΌʦSˎ&Ϟ 
 
 À¡LNϝɣkSŦ˧Œʜ·ȄŅ9˧ťßÊʀɴË3$1ʬ+řı
6OɴđL=ʜÆΌʡǒ6ά&OŔˍʻ5˄̽SǆO 32+Ϟ 
 ˊʽΗý61ϝčʜò˧̵σ6ɣ˫ŵŚ/86Ȁ̈́$1O6H
RM'ϝʜÆΌʦ̪$Ê5OãĴ̽MP+3²ž:ϝɣ˫ŵ6L
OÆʜ×ΆĐɂSǆO+G6:ɸˀ§6ûȘ$+ɣ˫ŵėû5ɴđǒSØ.
1ò˧6Ȁ̈́$1Oǌ̻O 3SˎŁ$1O3̏MPOϞ 
 Ĝ˧SĵG+İΗý9ɞͳMϝčʜò˧9ĺŊ6OƔǢʻ5ɴ΂9¡
Ȥ33H6ɣ˫ŵ9Æʜ×ΆĐɂÊ¢$1KãĴLNȦˋ6ȦM35
.+Ϟ 
 ĘϖΗý61:Ć˞2ͼA+Ĝ˧9řı3LÈ+]zl29Æʜ
×ΆĐɂǆMPO 3R.+ϝϔɴ΂ȼÂ61:ò˧è˟6ɣ˫
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ŵ9ŗ˙ˋ͑"P++GϝɣkS˧ťßɴË3$1ʬOřı6:&
A19Ηý61Êɴ΂ȼÂ6OΉͰȴD$3̏MPOϞ 
 À¡Śı&O3ϝɣkS˧ťßɴË3$1ʬOřıϝĬ̖5αN
Êɴ΂ȼÂ2ϝ5/ɣ˫ŵ˧̌ñ2Þʊ$1$DR5˖Ʋ9ɴ΂SØ
-//ʜ·ȄŅSΉͰ&O 3ȴD$3̏MPϝºǃ9͖ό3$1ϝȱ
Ώ5ɴ΂ȼÂ9̓ȦȴDPOϞ 
 "M6ϝȸˇ˚61:˧̌S΁NǪOɣk9ōċȇŬ6ά&O
Ɉ͇S̱ 325.+ϝʿ·ɴŒʜ·ȄŅIW549ʜɕ
Ņí̠61ϝʠË̌SɴËɒüOη9ōċȇŬ:ϝʜÆΌʡǒ6ĎM'
ςƩ6Ι̻5ǒ̖ɩŽňŵ2OϞȸžϓ2ʬ+̶̋61:ϝĲ9
SĲ9úċ2ΉͰ&P;ϝ̠6ĜˀɴLNŧ5ōċȇŬSÇɣk
2.1HɢʇɸĜˀɴ3Ĳˢ9ɴΛǆMPO 3R.+Ϟ$
$5Mϝžʬ6+.1"M6ò˧9ȸșSŠI$+řı9ōċȇŬ6/
1ϝºǃ"M5OɈ͇ȴDPOϞ 
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 5 )/f½ 
)*0E5Â 
 
5.1 |· 
 ȗǑĖʸ9ʧř61:ϝĿωõğ]3ļ;PO¹Ëõğʬ9ʜ·ȄŅ
Sī̛ñ6ǻì$ϝÊʀ9ʫʩϏŝɢS]ñ6ɴđ"(O 32ϊđ̙SΖ
ûΒǫʻ6õğ&O 32Ǖ̐Sǘŋʻ6ÊËʀʷ9L5ʢǙ6&Oʸɮ
̱RP1OϞ 
 ʧŎϝ 9ʸɮ6OõğŴË3$1ɣkSʬP;ϝăS±
̀ǑĖʸ9ʧř61LNǑ΂5ø̋S̱ 32O3̏MPOϞ 
 $$5MϝĿωõğ]:¹Ë9ƽʢ6ɬL̺λ6ǩPȮ.+ƽ
ʢSȳ$1Nϝ)9L6̺λ5ɴͬñ6Oɣk9ÆʜʡǒSĩ
NǤ.+ˇ˚Ð:5Ϟ 
 ǅ.1ϝȸ˞61:̺ș9ƕȮSȳ&Oɴͬñ6Oɣk9ƻ
ĂƊɴʜÆΌ9Ŕˍʡǒ9ǦȅSʾʻ3$1ϝ¹Ë63.1Żí5w~
kɢʇɸMʫǟ$+ɣkSʬ1žϓʻɈ͇S̱.+Ϟ 
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5.2 [Ì®§[Ìr 
5.2.1 [Ì®§ 
 ŋ 5-16ϝʜÆΌžϓ2ʬ+žϓ̶̋9˱˺ŋSˎ&Ϟȸˇ˚6Ožϓ
̶̋:ϝɣkʫǟ͠ʲɎϝ̹ɣʬXǈʪ˱ϝL=͍ϓΖSĵF
ɣkǈʪ˱6LNɌǟ"P1OϞ 
 ŋ 5-26ϝžϓ̶͍̋ϓΖ9͏˴Sˎ&Ϟ͍ ϓΖ:ϝƪϝŭ̱3H6 30 mm 9
əȠƽȞσSȳ&Oϔ" 210 mm9aaƽʢɴͬ2NϝȠ9ßšσϛŋ
19ɴͬƠšσϜ:ñšíËkukp6LN̼RP+čʜš35.
1OϞp̷σ6: 10D+: 5 mm9Ϋδ2 17ˤǢ6 TŒʜξƊ͉
̋"P1Nϝčʜšσ9̵σʀƲûƤSǦȅ&O 3Ĭ̖35.1OϞ
D+ϝĲ9pSʬ1ΡʿɴPȠĴɴͬ9ƠĮ¥šσSϝD+ϝɢƬ
ɴPȠĴɴͬ9¡¢šσ9ʜÆΌS͌Ó&O+Gϝ͍ϓΖS 90ɜ6ŇͰ"(
O 32ɴͬ6Ɗ&Očʜš9É̋SŤĔ"(O 32OɌ΃35.1
OϞ"M6ϝȮNΖɴͬ9ƪ PS 30ϝ60ϝL= 90 mm3ŤĔ"(+žϓH
̱.+Ϟ5ϝİʁʀʔ9É̋:ϝŋ§6ˎ&L6ϝɴPȠĴ9ȱþ9͂2
O AʔSġʔϛŔʆͪμ X0Ϝ3$1Ž̍$+ϝʖɗæɴPȠĴͪμ X ' [-] 6
LN̵&ϛ͏˴:ǃͼϝƷϛ5.2ϜϜH93&OϞ5ϝ͍ϓΖ9ìīΖû6:ϝ
ʹͽ˧ȮNΖS˷ʮ$1͍ϓΖ6ɴPͶFɣk9Ý.+ɴPSȚɴ$ϝ
"M6ɣ˫ŵ9ûƤSŐĔ&O+G9ďͦϦȚɴΖ͉MP1OϞ  2
ɣkɴ:ϝĘϖΗý"P+òɃ̌S΁Ί&O 36LNɍɴ6ȚM
PϝčʜĕΫ6ɴì&OϞ 
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Fig. 5-1  Schematic of experimental apparatus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-2  Details of test section  
 
 
 
FLOW%
Test%sec'on%
Entrance%
sec'on%
Thermocouple%
HEATER&
21
0%
12
0%
12
0%
30%
AP

3ɛýɓǹǟ;.ýɓőž 
 
3.1 ýɓǹǟŧƬ 
 Ü 3 *ɚƚȭýɓ&ƥ ýɓǹǟ+ǓǗ
ÜAƾɛŜƺǆ*>ýɓǹǟ,ɚŸMe
flƤĳȘƫŪɚǽŸƥ^eCjĤƣǓɚ;
.ȏɓȳAÐ5ŸMeflĤƣǓ*;=Ũĳ
?%>ɛ 
 Ü 4 *ɚýɓǹǟȏɓȳ+ȐǔAƾɛȏɓ
ȳ,ɚĔɚóǳ'7* 30mm +ŲőĝŏɊAś
>ɔ 210mm +HejHĝƞƁȞ&=ɚm
ő+ìɊɘÜ 2 +ƁȞčìɊə,ì
MSjhM[lOl*;=Ȁ@? ±ƚì')
"%>ɛ[lOlǺɊ*, 10 3 , 5 mm +
ȻɁ& 17 Ǌĵ* T âƚɇāȍǟ?%=ɚ
±ƚìɊ+ǷɊƉĘ¦đAķņ>'Æǥ
')"%>ɛ3 ɚÎm+[lOlAƥ%
ȷƴƁ?őÏƁȞ+čÉqìɊAɚ3 ɚŷĕ
Ɓ?őÏƁȞ+noìɊ+ƚȭAȎ> 
6ɚȏɓȳA 90ŵ*Ùȟ>'&ƁȞ*
ā>±ƚì+ǟAí·>'&>
Ũȩ')"%>ɛ<*ɚŘ=ȳƁȞ+Ĕ P
A 30ɚ60ɚ;. 90mm 'í· ýɓ7ǳ
" ɛ)ɚËƊƉƖ+ǟ,ɚÜr*ƾ;
*ɚƁ?őÏ+ř¨+Ȇ&> A ƖA¿Ɩ'
%üǠ? ɚ30 mm A¼'>ƗűƁ
?őÏȝɆ X ' [-] *;=ǷɘĠȦɚęɘ4əə
7+'>ɛ 
 
3.2 ýɓőž 
 ýɓ&,ɚ3ŸMeflƤĳȘƫŪ*Ƌ
 ? UhXilMŷƍƄAƉ+^eCj
*;"%¡¾ɚƤĳ ŸǕŗAƄr*ĲƓ
%:'&ĵü+ IPFɘ : Ice Packing 
FactorɚŸêƠəA7#ŸMefl+ƤĳA
ǳ" ɛƤĳ? ŸMefl`j_*;=
ȪǘƲ*ȏɓȳ/'ǖ?%>ƞĭ&±ƚ
ì+ǉƚƁ±ƚAǳɚüēƞĭ+7'&ȏɓ
ȳËƊƉƖ)<.*ȏɓȳÅ*>ŸMe
fl+YgHƉĘAȌȸ ɛËƊƉƖ*
>ćĵƚȭƠ hX' [W/m2K],ɚȍü ƚƁ
Ş q [W/m2]AËƊüƖ+±ƚɊƉĘ TX' []'
ŸMefl+=ÅƉĘ Tin []Aoę*|Fig. 3  Schematic view of experimental apparatus 
 
Fig. 4  Details of test section 
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5.2.2 [Ìr  
 žϓ2:ϝD'ɣkʫǟ͠ʲɎñ6ʄ+"P+w~kɢʇɸS
Êʀ9X6L.1õğ$ϝʫǟ$+ɣ˸ȬSɸ§6Ǟʑ"(1K 3
2ǢŽ9IPFϛ: Ice Packing FactorϝɣçŞʦϜÜSH/ɣk9ʫǟS̱.
+Ϟʫǟ"P+ɣk6LN΄˽ʻ6͍ϓΖ@3Ñ˹"P1O
ʢǙ2čʜš9ˢʜɴčʜS̱ϝŽƩʢǙ9H32͍ϓΖİʁʀʔ5M=6
͍ϓΖìī6Oɣk9aʀƲS͈Υ$+Ϟİʁʀʔ6OƔ
ǢʜÆΌʦhX' [W/(m2	K)]:ϝ͉Ž$+ʜɴȻÜq [W/m2]SİʁŽʔ9čʜσʀ
ƲTX' [°C]3ɣk9ìNīʀƲTin [°C]S¢Ʒ6¿ì&O 32˦Ž$+Ϟ 
 
  hX' = q / (TX'  Tin)  ϛ5.1Ϝ 
 
5ϝȸžϓ6Op3$1ϝIPFϝ͍ϓΖìī6Oɣk
ƬŐɴ΂uϝčʜš6Ñ˹&OʜɴȻqS)P*P̵5-16ˎ&Ü6͉Ž$1ž
ϓS̱.+ϞD+ϝk§9þȵɢʇɸʒƲCi:ϝ15 mass%3$+Ϟ 
 
 
 
Table 5-1  Experimental parameters 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parameter Value 
Ice Packing Factor,  
IPF [mass%] 0, 10 
Heat flux,  
q [W/m2] 
5000, 10000, 
15000 
Channel width, 
P [mm] 30, 60, 90 
Mean velocity of ice slurry flow,  
u [m/s] 0.1, 0.2, 0.3 
FLOW
AB
D C
FLOW
AB
D C
>'&ǋü ɛ 
 
 hX' = q / (TX' - Tin)    ɘ3ə 
 
)ɚŜýɓ*>ZeclOl'%ɚIPFɚ
ȏɓȳÅ*>ŸMeflĕáƁȨ uɚ±ƚ
ì*ǖ>ƚƁŞ q A??Ƿɜ*ƾ
*ȍü%ýɓAǳ" ɛ3 ɚMeflr+
ŷƍƄƔĘ n ,ɚ15mass%' ɛ 
 
4ɛǕţ;.ǡĀ 
 
4.1 ȷƴƁ?ƁȞ+Ɓ?ūũ 
 HejHĝƞƁȞAƁ?>ŸMefl+Ɓ´
Ŀ´Aķņ> 6Ɓ?+Æȃ·;.ȅĀA
ǳ" ɛ)ɚŜýɓ&,ȏɓȳ+ǤĠ;=Ľ
ŋAĜ% ƞĭ*%ɚƁȞ+ňğAǳ)
"%=ɚƱȁ>ȳ¦Ÿǐø&>ɛ 
 Ü 5 *ɚP=30mmɚIPFɞ10mass%+ş~*
%Ÿefl+ƁĕáƁȨ u A 0.1m/s <
0.3m/s *í· çÌ+ŸMefl+Ɓ´Ŀ
´AƾɛƁ´őÏ,oő<nő&>ɛ3
čìɊ*ż"%Ɓ?+ũøAȁ%4>'ɚs
Ɓ, A Ɩ*%®Ɇ Ġ B Ɩ;=oƁ*%
 {Ƹ>ɚA	B Ɋ*%®Ɇ*ƈ'
B Ɩȣ*%ĝĳ?>JlWlƈǕÌ
ɚ1 #+ǔȹƈĝĳ?%>ũø@
>ɛmőɚÉìɊ*ƸƳ>'ɚsƁ, C Ɩ;
=nƁ*%®Ɇ Ġ* C	D Ɋ* {Ƹɚ
+Ġ . D Ɩ*%®Ɇɚ<*oƁ*
% {Ƹ>ũøȅĀ?>ɛ3 ɚƁ
?+®Ɇ* C Ɩȣ;. C	D Ɋ*%
,ƈĝĳ?%>ũø@>ɛ)ɚD
Ɩ;=oƁ*ĝĳ?>ƈ,ɚɉüēƲ* 1ɟ2
#ơ?%,ǕÌ>;)ǾɅ)Ŀ´AǞ=Ȥ
ɚ?*;"%sƁ+ {Ƹǟ7í·>
ũøȅĀ? ɛ+'ȅĀ? čÉq
ìɊ*żsƁ+Ɓ´Ŀ´;.®Ɇ*ƈ
,ɚǟ8ï,Ʈ)>7++ɚŸMefl
r+ŸǐøȏɓƁȞȳ*%æǅ>')
Fig.5  Flows pattern in the channel;  
P=30mmɚIPFɞ10mass% 
Table 1  Setting parameters 
(b) u=0.3 m/s 
(a) u=0.1 m/s 
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5.3 [Ì¤zª] 
5.3.1Æ½~} 
 aaƽʢɴͬSɴPOɣk9ɴđǹđSǦȅ&O+GɴP9Ĭ̾
ĔL=́ƈS̱.+Ϟ  
 ŋ 5-36ϝP=30 mmϝIPF=10 mass%9ȼÂ61ɣ9ɴìƬŐɴ΂ u
S 0.1 m/sM 0.3 m/s6ŤĔ"(+řı9ɣk9ɴđǹđSˎ&ϞɴđȠ
Ĵ:¢ȠM¡Ƞ2OϞȸžϓ2:͍ϓΖ9̔ǃLNǴȘéSƼ1+ʢǙ6
1ϝɴͬ9ȍƿS̱5.1Nϝʺ̽OΖûɣ˫ŵ2OϞ5ϝ
Àǃŋ 5-36ˎ&L5Ρʿ¡Ĵ9ɴͬųĒSŔʆ3$ϝɴP6Ɗ$1Ơßš
σS LšσϛL-side wallϜϝĮßšσS RšσϛR-side wallϜ3͈ͼ&OϞD+ϝ
)P*P9ɴ͉ͬ̋ųĒ6OeyΖSϝɴPȠĴ6ɬ.1χ6 1ϝ23
ʳįS¾$1̵&Ϟ 
 D'ϝL šσ6ɬ.1ɴP9ɍŵS̽1EO3ϝ©ɴ: L1ʔ61ĉμ$
+ǃ L2ʔLN¢ɴ61ó¾˃&OϝL1L2σ61ĉμ6Çɿ3 L2ʔ͹
à61ƽǟ"POeyɿ˸ı$ϝ1/9˴Ψɿƽǟ"P1Oɍ
ŵROϞȠϝR šσ6˃ʾ&O3ϝ©ɴ: R1ʔLN¡ɴ61ĉμ$
+ǃ6 R1R2σ6ó¾˃ϝ)9ǃó= R2ʔ61ĉμ$ϝ"M6¢ɴ6
1ó¾˃&Oɍŵ́ƈ"POϞD+ϝɴP9ĉμ6Ç R1ʔ͹àL= R1
R2σ61:ɿƽǟ"P1OɍŵROϞ5ϝR2ʔLN¢ɴ6ƽǟ
"POɿ:ϝςŽƩʻ6 1ϥ2/ʧP1:˸ı&OL5̺λ5ǹđS̊Nͺ$ϝ
)P6L.1©ɴ9ó¾˃É̋HŤĔ&Oɍŵ́ƈ"P+Ϟ 93́ƈ"
P+ƠĮ¥šσ6ɬ©ɴ9ɴđǹđL=ĉμ6Çɿ:ϝÉ̋Iŧ":
ʴ5OH99ϝɣk§9ɣ˫ŵ͍ϓɴͬñΖ61ŗ˙&O 35ɴ
đ&O&A19žϓȼÂ61́ƈ&O 32+Ϟ 
 ɴͬñ6OƔǢʻ5ɣ˫ŵûƤ6˃ʾ$1EO3ϝu=0.1 m/s 9řı L1
L2σL=R2ʔÀΰ9Ρʿσ͹à61ɴP9:μ9ƿτ6LNɣ˫ŵƅ
ƲÊϝɵċ6LOɣ˫ŵ9ŗ˙̽MP+ R1R2 σ61:ϝ)9ƅƲ
:ϔãĴO 3̽13POϞȠ u=0.3 m/s9řıϝɣ˫ŵ:ɴͬñ6
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ɞͳʻŐ6ûƤ$1O 3ROϞ P:ϝɴ΂9Šč63H5ɣ˫
ŵ6äǛǒċŠč$ϝɵċ9ƿτˀƊʻ6Ə"5O+Gɴͬñ61ɣ
˫ŵɴP9ƿτSĪ1Ȓǰ"PO+G3̏MPOϞ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5-3  Flow patterns in the flow channel; 
P=30 mm, IPF=10 mass% 
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5.3.2 Æ½5ÂnE 
 ŋ5-46ϝIPF=10 mass%ϝɴ΂u=0.1 m/s9ȼÂ61ϝčʜš6Ñ˹&Oʜ
ɴȻqS10000ϝ15000L=20000 W/m26ŤĔ"(+řı9ϝLšσ6OƔ
ǢʜÆΌʦ9ûƤSϛaϜ6ϝRšσ6OƔǢʜÆΌʦ9ûƤSϛbϜ6ϝɢ
ʇɸĜˀ9˸ɂ33H6)P*Pˎ&Ϟŋ9ɒͱ:ϝȮNΖSĵG+íÆʜ
σΨ"Sȱþ9͂SŔʆ6ɗƷ2̵$+ʖɗæͪμX ' [-]2OϞ 
 
  X ' = (X  X0) / S ϛ5.2Ϝ 
 
  2X:͍ϓΖìīLNȮNΖHĵG+ɴPȠĴ9ͪμϝX0:ìīLNȱþ
9ȮN͂ϛ  2:L1ϜD29ͪμϝS:ɴͬƪϛ30 mmϜS)P*Pˎ$1
OϞ 
 ŋLNϝLšσ9ʜÆΌʦ6/1:ϝʜɴȻ9Šč63H5í19X '6Ɗ
&OƔǢʜÆΌʦHŠč$1O 3ROϞ P:ʜɴȻ9Šč63H5
ɣ˫ŵ9̰̓×Ά"Pϝʎʜ6LNčʜšMÑ˹"POìʜ̸RPO
+Gϝɣk@9ìʜŠŧ$˸ɂ3$1šσʀƲ9¡ȤǧMPO+
G3̏MPOϞD+ϝĲʜɴȻȼÂ6Oɣk3ɢʇɸĜˀSɞͳ
&O3ϝíËʻ6:ɣk9BϔʜÆΌʦSˎ$1OϝX '= 0~2
9ĕΫ6/1:ϝ¥̐:͹ÜSˎ$1O 3ROϞ P:ϝX '= 0~2
9ĕΫ61:Êɴ΂ȼÂ9řıϝƔǢʻ5ɣ˫ŵƅƲÊ¢$šσMɣ
˫ŵμPO 32ɣ9̰̓ʎʜ6LNčʜšσM9ìʜS̸ 32
'6ϝÆʜƽǙɢʇɸĜˀ9řı3ώÈ&O+G3̏MPOϞ 
 ȠϝRšσ61HϝʜɴȻ9Šč63H5ϝƔǢʜÆΌʦŠč$1
O 3ROϞ P:¡ͼ9L6ɣ˫ŵ9̰̓ʎʜ6LOÆʜ×ΆĐɂ
6LOH93̏MPOϞD+X '= 1~0L=X '= 2~39ĕΫ61ϝí19
ʜɴȻȼÂ61ɣkLNHɢʇɸ9BϔƔǢʜÆΌʦSˎ$
1O 3ROϞ P: 9ĕΫ61:ϝ©ɴšσMĉμ&O 
36LNƔǢʻ5ɣ˫ŵƅƲÊ5O+G3̏MPOϞ"M6ϝ 9ψœ
 98 
6ƽǟ"POɿ9šσ6ɬɴP9Ĵ:Ρʿ¢Ĵ596Ɗ$ϝɣ˫ŵ:ɵ
ċ6L.1Ρʿ¡Ĵ6¡Ȥ$L3&O+Gϝɣ˫ŵ6LNƊɴΐMPO
 3ϝʜÆΌʦ9Ê¢Sǲ+3̏MPOϞ5ϝLšσ9L1L2ĕΫL
=Ršσ9R2Àΰ61ϝ.+T¢.+ʜÆΌʦó=¡Ȥ&OãĴ̽
1ĩPOϝ P:ϝŋ5-361H́ƈ"POL6ϝĉμɿ9ó¾˃6L
O¬P6LNϝÆʜ×Ά"P+H93̏MPOϞ 
 ŋ5-56ϝLR¥čʜšσ9ϝİĕΫ6OƬŐʜÆΌʦSˎ&ϞŋLNϛaϜ
6ˎ&Lšσ61:ϝ)P*P9ĕΫ6OƬŐʜÆΌʦ9ƢƏ" 
3ROϞȠϝRšσ2:ĕΫ6OƢύ̪6̽MPϝʡ6ɢƬσ2
OX '= 0-2ĕΫ61ƬŐʜÆΌʦϔÜSˎ$1O 3ROϞ P
:ϝ¡ͼ$+L6ɴPX '= 0~2ĕΫ9šσ6̳˜&OL5ɴP35.1
O+Gϝ½9σ6MAʜÆΌ×Ά"P++G3̏MPOϞ   
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Fig.5-4 Local heat transfer coefficient; u=0.1 m/s, P=30 mm,IPF=10 mass% 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ɓ´>0%+ýɓş~*%ȅĀ>
'& ɛ 
 ƁȞ*>ćĵƲ)Ÿǐø¦đ*ƸƳ
%4>'ɚu=0.1m/s +çÌ A	B Ɋ;. D Ɩ}
Ƚ+ȷƴɊȣ*%Ɓ?+,Ɇ+ğɋ*
;=ŸǐøþĘɚƂ°*;>Ÿǐø+æ
ǅȁ<? C	D Ɋ*%,ɚ+þĘ,ɔ
Ï>'ȁ%'?>ɛmő u=0.3m/s
+çÌɚŸǐø,ƁȞ*ŶȡƲám*¦đ
%>'@>ɛ?,ɚƁȨ+ë±*'
7)Ÿǐø*įĪ°ë±ɚƂ°+ğ
ɋƵāƲ*ă)> 6ƁȞ*%Ÿǐø
Ɓ?+ğɋAÄ%ŉĻ?> 6'ǡ<
?>ɛ 
 
4.2 ȷƴƁ?ƁȞ*>ƚȭĿ´ 
 Ü 6 *ɚIPF=10mass%ɚƁȨ u=0.1m/s +ş~
*%ɚ±ƚì*ǖ>ƚƁŞ q A 10000ɚ
15000 ;. 20000W/m2 *í· çÌ+ɚ
čɘLəìɊ*>ćĵƚȭƠ+¦đAɘaə
*ɚÉɘRəìɊ*>ćĵƚȭƠ+¦đA
ɘbə*ɚŷƍƄ¼Ƶ+Ǖţ''7*??ƾ
ɛÜ+ŬȠ,ɚŘ=ȳAÐ6 ƚɊȹ
Ař¨+ȆAäƌ*űę&Ƿ ƗűȝɆ
X ' [-]&>ɛ 
 
 X ' = (X - X0) / S     ɘ4ə 
 
& X ,ȏɓȳÅ;=Ř=ȳ7Ð6 Ɓ
Fig.6  Local heat transfer coefficient; u=0.1m/s, P=30mmɚIPFɞ10mass% 
(b) Right side wall  
(a) Left side wall 
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Fig 5-5  Average heat transfer coefficient; u=0.1 m/s, P=30 mm, IPF=10 mass% 
  
 
 
 
>ɛ?,nȦ+;*Ÿǐø+ǱȇƐƚ*
;>ƚȫ²ţ*;>7+'ǡ<?>ɛ3
 X '= 	1ɟ0 ;. X '= 2ɟ3 +¸Ȼ*%ɚ
%+ƚƁŞş~*%ŸMefl;=7ŷ
ƍƄ+1ɔćĵƚȭƠAƾ%>
'@>ɛ?,+¸Ȼ*%,ɚsƁ
ìɊ<®Ɇ>'*;=ćĵƲ)Ÿǐø
þĘ)> 6'ǡ<?>ɛ<*ɚ
+Ɍã*ĝĳ?>ƈ+ìɊ*żƁ?+Ï
,ȷƴoÏ)+*āɚŸǐø,Ƃ°*;"
%ȷƴnÏ*ƂȬ;'> 6ɚŸǐø
*;=āƁȰ<?>'ɚƚȭƠ+o
Aļ 'ǡ<?>ɛ 
 Ü 7 *ɚčÉq±ƚìɊ+ɚË¸Ȼ*>
ĕáƚȭƠAƾɛÜ;=ɘaə*ƾ L ìɊ
*%,ɚ??+¸Ȼ*>ĕáƚ
ȭƠ+Ďă'@>ɛmőɚR ìɊ
&,¸Ȼ*>ĎɏǮ*ȁ<?ɚƝ*ŷĕ
Ɋ&> Rc	Rv Ɋ*%ĕáƚȭƠɔ
Aƾ%>'@>ɛ?,ɚnȦ
 ;*Ɓ? Rc	Rv Ɋ*ǵǈ>;)Ɓ?
')"%> 6ɚz+Ɋ*<0ƚȭ
ȫ?  6'ǡ<?>ɛ 
 
?őÏ+ȝɆɚX0,Å;=ř¨+Ř=Ȇɘ
&, Lv1ə3&+ȝɆɚS ,ƁȞĔɘ30mmə
A??ƾ%>ɛ 
 Ü;=ɚL ìɊ+ƚȭƠ*#%,ɚƚƁ
Ş+ë±*'7)%+ X '*ā>ćĵƚ
ȭƠ7ë±%>'@>ɛ?,ƚƁ
Ş+ë±*'7)ìɊƉĘ,nŒ>ɚ
?*'7)Ÿǐø+Ǳȇȫ?ɚƐƚ*
;=±ƚì<ǖ?>ƚǼ@?> 
6ɚŸMefl/+ƚëïǕţ'%ì
ɊƉĘ+nŒĸ<?> 6!'ǡ<?
>ɛ3 ɚÎƚƁŞş~*>ŸMefl'
ŷƍƄ¼ƵAŶȡ>'ɚƲ*,ŸMef
l+1ɔƚȭƠAƾ%>ɚX '= 0
ɟ2 +¸Ȼ*#%,ɚqǢ,ȣAƾ%
>'@>ɛ?,ɚX '= 0ɟ2 +¸Ȼ*
%,ƁȨş~+çÌćĵƲ)ŸǐøþĘ
oɚìɊ<ŸǐøɆ?>'&Ÿ+Ǳ
ȇƐƚ*;=±ƚìɊ<+ƚAǼ'
&*ɚƚĝĭŷƍƄ¼Ƶ+çÌ'ɐ
> 6'ǡ<?>ɛ 
 mőɚR ìɊ*%7ɚƚƁŞ+ë±*'
7)ɚćĵƚȭƠë±%>'@
Fig.7  Average heat transfer coefficient; u=0.1m/s, P=30mmɚIPFɞ10mass% 
                       (a) Left side wall                       (b) Right side wall  
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5.3.3 ½b´§VFÃEnEUG 
 ƅƲƢ9OŌɸ³ˀɴ9ɴPL=ʜÆΌǹđ:ϝŌˀ6äË˙ċ6L
NϝɴP9ȠĴ3Ιċ9ȠĴ6LOƿτSƻĪOϞȸ˨2:ϝaaƽ
ʢɴͬ9gXlL=)9͉̋ųĒϝɴđǹđ3šσ9ʜÆΌʡǒ6ĥC&
ƿτ6/1̏ƈS̱.+Ϟ 
 ŋ5-66ϝIPFϡ10 mass%ϝɴ΂uϡ0.1 m/s9ȼÂ61ɴͬƪPSϛaϜ30ϝ
ϛbϜ60ϝL=ϛcϜ90 mm6ŤĔ"(+řı9ϝΡʿȠĴɴP6Oɣk
9ɴđǹđSˎ&ϞŋLNP9Šč6Çɣ˫ŵ9ûƤʢǙ6ŧ5ÝN
ʫ%1O 3ROϞ P:srP9Šč63H5ɴͬƪ9ǑǴŧ6L
NϝƔǢʻ5ɴ΂9Ê¢H+M"P+˸ɂϝɣ˫ŵ6äɵċ9ƿτˀƊ
ʻ6ƻDO+G,3̏MPOϞD+ϝP9Šč63H5L1L2σ61ƽ
ǟ"POɿψœHΡʿȠĴ6Ǵŧ$ϝςƩ6̄ǚ5΂Ʋ2ħȪ͆ŇN6ɿSƽ
ǟ$1Oɍŵ́ƈ"P+Ϟ"M6ϝP=60L=90 mm9řı6:ϝR1͹à
61ƽǟ"POɿ:ˋ͑"P'ϝ¿RN6ɣ˫ŵŗ˙$ŚʢĔ$1O
ɍŵ́ƈ"P+Ϟ 9ɣ˫ŵŚʢ:ϝÊɴ΂ȼÂ61:ɴđ&O 3:
5)9ř6Þʊ$1NϝO˖Ʋ9ŧ"9ŚR2͹à6ƽǟ"PO3Rš
6ɬ©ɴ:ŚʢĔ$+ɣ˫ŵ¡S̽¡9šσ3$1ɬL6ɴđ$+Ϟ
5ϝɴ΂9Šč6Ç 9ɣ˫ŵŚ:ɷʈ$ϝR1͹à61eyɿS
ƽǟ&OL65OãĴ̽MPϝ)9ɿψœ:ϝP9Šč33H6ŧ5O
ãĴ̽MP+Ϟ 
 ȠϞŋ5-76ϝŋ5-69ʢǙM͍ϓΖ9͉̋ȠĴS90ŇͰ"(+řı9ɴ
đǹđSˎ&ϞŋLNP=30 mm9řıϝɴͬíË61ɣ˫ŵ9ûƤ9ÝN
ŧ5.1O 3ROϞ P:ɣ˫ŵ6:+Mɵċ9ƿτ6LN
ɴP9ĉμSÇL1L2σSβ1ɣ˫ŵ:íËʻ6Lšσ6Ŧ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Fig 5-6  Flow patterns in the vertical channel; u=0.1 m/s, IPF=10 mass% 
 
 
 
 
 
 
 
 
Fig 5-7  Flow patterns in the horizontal channel; u=0.1 m/s, IPF=10 mass% 
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Fig.8  Flow patterns in the vertical channels; u=0.1m/sɚIPFɞ10mass% 
          ɘaəP=30mm                  ɘbəP=60mm                 ɘcəP=90mm  
Fig.9  Flow patterns in the horizontal channels; u=0.1m/sɚIPFɞ10mass% 
           ɘaəP=30mm                 ɘbəP=60mm                ɘcəP=90mm  
 
 
 
 
4.3 ƁȞĔ;.ȍǟöµ Ȯ* >Ɓ´Ŀ
´+í· 
 þĘĎ+>ÝƄvƵƁ+Ɓ?;.ƚȭ
Ŀ´,ɚÝƵ*ǅ°*;=ɚƁ? őÏ
'ȴ°+őÏ*;>ğɋAěÄ>ɛŜǍ&
,ɚHejHĝƞƁȞ+KCN;.+ȍǟ
öµɚƁ´Ŀ´'ìɊ+ƚȭƝĪ*Á2
ğɋ*#%ǡĀAǳ" ɛ 
 Ü 8 *ɚIPFɞ10mass%ɚƁȨ uɞ0.1m/s +ş
~*%ƁȞĔ PAɘaə30ɚɘbə60ɚ;.
ɘcə90mm *í· çÌ+ɚȷƴőÏƁ?
*>ŸMefl+Ɓ´Ŀ´AƾɛÜ;=P
+ë±*Ÿǐø ¦đƞĭ*ï)=
Ƥ%>'@>ɛ?,\RQ P +ë
±*'7)ƁȞĔ+ĩĽï*;=ɚćĵƲ)
ƁȨ+o7 <? ǕţɚŸǐø 
Ƃ°+ğɋƵāƲ*ě3> 6!'ǡ<?
>ɛ3 ɚP +ë±*'7) Lv	Lc Ɋ*
%ĝĳ?>ƈɌã7ȷƴőÏ*Ľïɚɉē
*ǜĮ)ȨĘ&ÂŖȊÙ=*ƈAĝĳ%>
ũøȅĀ? ɛ<*ɚP=60 ;. 90mm
+çÌ*,ɚRc ȣ*%ĝĳ?>ƈ,Ƽ
ȑ?ɚ|@=*Ÿǐøæǅèƞ·%
>ũøȅĀ? ɛ+Ÿǐøèƞ,ɚ
ƁȨş~*%,Ɓ´>',)+ç
*Ə%=ɚ>ǃĘ+ï+è Rv
ȣ*ĝĳ?>' R ì*żsƁ,èƞ·
 ŸǐønAȁn+ìɊ'%ż;*
Ɓ´ ɛ ɚƁȨ+ë±*+Ÿǐø
è,ƃƎɚRc ȣ*%JlWlƈAĝĳ
>;*)>Ïȁ<?ɚ+ƈɌã,ɚP
+ë±''7*ï)>Ïȁ<? ɛ  
 mőɛÜ 9 *ɚÜ 8 +ƞĭ<ȏɓȳ+ȍǟ
őÏA 90Ùȟ çÌ+Ɓ´Ŀ´Aƾɛ
Ü;= P=30mm +çÌɚƁȞ*%Ÿǐ
ø+¦đ+=ï)"% >'@
>ɛ?,Ÿǐø*, <Ƃ°+ğɋ*;=
Ɓ?+®ɆA Lv	Lc ɊAȿ%Ÿǐø,
Rc1$Rv1$
Rs1$
Re1$
Ls1$
Lv1$Lc1$
Le1$ Rc2$Rv2$
Rs2$
Re2$
Ls2$
Lv2$Lc2$
Le2$
Cluster of ice 
particles 
Rc3$Rv3$
Rs3$
Re3$
Ls3$
Lv3$Lc3$
Le3$ Cluster of ice particles 
Rc1$
Rv1$
Rs1$
Re1$
Ls1$ Lv1$
Lc1$ Le1$
Rc2$
Rv2$
Rs2$
Re2$
Ls2$ Lv2$
Lc2$ Le2$
Cluster of ice 
particles 
Rc3$
Rv3$
Rs3$
Re3$
Ls3$ Lv3$
Lc3$ Le3$
Cluster of ice 
particles 
Fig.8  Flow patterns in the vertical channels; u=0.1m/sɚIPFɞ10mass% 
          ɘaəP=30mm                  ɘbəP=60mm                 ɘcəP=90mm  
Fig.9  Flow patterns in the horizontal channels; u=0.1m/sɚIPFɞ10mass% 
           ɘaəP=30mm                 ɘbəP=60mm                ɘcəP=90mm  
 103 
5.3.4 ½b´§VFÃ5ÂnEUG 
 Ć˨9ɴP9ǹđ2HͼA+L6ϝP=30 mmM 60 L= 90 mm3ŤĔ
"(O3ϝ͍ϓΖɴͬñΖ61ɣ˫ŵ9ÝNŧ5Nϝaaƽʢ9ù
Ζ61ɣ˫ŵŗ˙$ŚʢĔ&Oɍŵ́ƈ"P+Ϟ"M6ϝ)9ɣŚ:
͍ϓΖ9͉̋ȠĴ6L.1ƽǟ"POřǢʴ5O 3ȦM65.+Ϟȸ
˨2:ϝ͉̋ȠĴ9΍L=)P63H5ƽǟ"POɣ˫ŵ9Ś6L.1ϝ
šσ9ƔǢʜÆΌʦ49L6ŤĔ&OSɈ͇&OϞ 
 ŋ 5-86ϝIPF=10 mass%L=ɴ΂ u=0.1 m/s9ȼÂ61ϝʜɴȻSŤĔ
"(+řı9ɢƬȠĴɴͬ6OƔǢʜÆΌʦ9ûƤSˎ&ϞΡʿȠĴɴP
9˸ɂL=ɢʇɸĜˀ9˸ɂ33H6)P*Pˎ&Ϟŋ9ɒͱ:ϝʖɗæɴ
PȠĴͪμ X ' [-]2OϞŋLNϝ'P9ʜɴȻȼÂ61Hϝŋ 5-4ϛaϜ
6ˎ&ΡʿȠĴɴP9˸ɂ6ɞAϝƔǢʜÆΌʦ:ϔÜSˎ& 3ROϞ
 P:ϝĆ˨2ˎ$+ɴđǹđMHROL6ϝ͉̋ȠĴS 90ŇͰ"(
O 32ϝLšσ6ɣ˫ŵÝNϝ$Jđɴ35O 32ϝɣ˫ŵ9̰̓6L
OšσʀƲÊ¢ύ̪65.++G3̏MPOϞ 
 ŋ 5-9L=ŋ 5-106ϝP=60 L= 90 mm9ɴͬ6OϝLšσ9ƔǢ
ʜÆΌʦ9ûƤS)P*Pˎ&Ϟ5žϓȼÂ:ϝIPF=10 mass%ϝq=10000 W/m2
2Nϝìī6O͍ϓΖ9ɴ΂ uS 0.1ϝ0.2L= 0.3 m/s6ŤĔ"(1
OϞD'ŋ 5-9LNϝ͍ϓΖ9͉̋ųĒ6RM'ɴPaaΖϛX ' =0
ϥ49ĕΫϜ6ɴPɴì&O3ϝ©ɴ9ĉμL=ɴͬƪ9Šŧ6LOɴ΂9
Ê¢6LNƔǢʜÆΌʦ:ŧÊ¢&O 3ROϞD+ϝ)9ǃ©ɴ
šσ6ó¾˃$šσ6ɬ.1ɴđ&O X ' = 3LNH¢ɴ61: X ' = 1ϥ0
ĕΫ6OÜ3Ĳ˖Ʋ9ÜSˎ$1O 3ROϞ"M6Ć˨9ɴđɐ
ɍ6LNɣ˫ŵ9Ś́ƈ"P+ X ' = 0ϥ39ĕΫ61:ϝÊɴ΂ȼÂ6
1ϝΡʿȠĴ6͍ϓΖS͉̋$+řıLNɢƬȠĴ6͉̋$+řı6ƔǢʜ
ÆΌʦHÊ¢$1O 3ROϞ P:ɣ˫ŵ9Śɴđ&O 35Þ
ʊ$ϝƊɴΐMP1O+G3̏MPOϞ 
 104 
 ŋ 5-106ϝŋ 5-93ĲȼÂ61 PS 90 mm6ŤĔ"(+řı9 Lšσ6
OƔǢʜÆΌʦ9ûƤS)P*Pˎ&ϞŋLNϝɴͬSɢƬȠĴ6͉̋$
+řı:ΡʿȠĴ6͉̋$+řı3ɞA1&A19ɴ΂ȼÂ61 X ' =0
M 4 9ĕΫ6OƔǢʜÆΌʦǑʐ6Ê¢$1O 3ROϞ P:
P=90 mm9ɴͬ2:u=0.3 m/s9ϔɴ΂ȼÂ61Hɴͬñ6ɣ˫ŵ9ŗ˙
ʫ%ϝL261ƊɴΐMP+ʢǙ2O+G3̏MPOϞ PLN L š
σ61: P=60L= 90 mm9͍ϓΖ2:ϝɣ˫ŵ9ŗ˙aaùΖ
61ŧƽǟ"PO+GϝP=30 mm9ɴͬȼÂLNH͉̋ȠĴ9ˀ΍6
LOƔǢʜÆΌʦ@9ƿτŧ 3ȦM35.+Ϟ 
 ŋ 5-116ϝ͍ϓΖSΡʿȠĴ6͉̋$+řı9ϝİžϓȼÂ6OϛaϜL
šσL=ϛbϜRšσ9ƬŐʜÆΌʦ hmSˎ&Ϟŋ9ɒͱ:Ñ͍ɣk9
͍ϓΖìī29ɴ΂ u2OϞŋLNϝí19ȼÂ61ɴ΂9Šč6Çϝ
ƬŐʜÆΌʦHŠč$1O 3ROϞD+ž̂2ˎ&ɣk9˸ɂ
2:ϝʜɴȻ9Šč63H5ƬŐʜÆΌʦ¡Ȥ$ϝˈ̂2ˎ&ɢʇɸĜˀ
LNHϔƬŐʜÆΌʦ35O 3ROϞ$$5MÊʜɴȻȼÂ6
1:ϝɢʇɸ9˸ɂ6ɞAɣk9˸ɂÊÜSˎ$1O 3û
OϞ P:ϝɣ˫ŵ9̰̓ύ̪35M5ȼÂ2:ϝɣ˫ŵ9ɺì6LO
ɴË9̽Ǿ9˭ǒ9ŠčϝƊɴʜÆΌSű++G3̏MPOϞ   
 105 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5-8  Local heat transfer coefficient; P=30 mm, u=0.1 m/s,IPF=10 mass%  
 
 
 
 
Ʋ* L ìɊ*î¦đ>mő&ɚR ìɊ*
,¦đ$<ɚ<*®Ɇ+ğɋ7 Rc
ȣ+Ɋ;. Rv	Re Ɋ*%1'B(Ÿǐ
ø¦đ) 6'ǡ<?>ɛ3 P=60
;. 90mm +ş~*%,ɚÜ 8 +ȷƴő
ÏƁ?&ȅĀ? ;)Ÿǐø+èƞ·ɚ
Rvȣ&,)Lv	LcɊ*%ĝĳ?>ï
)ƈɌã*%ȅĀ? ɛ?,ɚǜĮ
)ȨĘ&ƈAĝĳ%> 6*ɚƈr+Ÿǐ
ø*įĪ°;=7ƵāƲ*Ƃ°+ğɋï
)> 6ɚLc < Lv *Ï"%Ÿǐø
ǂ´&ɚǕţ'% Lc ȣ*ŸǐøƂȬ
ɚèƞ·% 6'ǡ<?>ɛ) P
ɞ60mm +ş~*%,ɚƁȨ+ë±*'7
)+Ÿǐø+è7ƃƎɚLv	Lc Ɋ*
%ŸǐøAďȢ4)<ƈAĝĳ>ũø
ȅĀ? ɚP=90mm +ş~&,ɚu=0.3m/s
+ş~*%7Ÿǐøæǅƈ,ĝĳ?
>',)" ɛ 
 
4.4 ƁȞĔ;.ȍǟöµ+Ȯ*;>ƚȭ
Ŀ´+í· 
 ¬Ǎ+Ɓ?+Ŀ´&7Ȧ0 ;*ɚP=30mm
< 60 ;. 90mm 'í·>'ɚȏɓȳ
ƁȞȳ*%Ÿǐø+=ï)=ɚHe
jHĝƞ+¤ȳ*%Ÿǐøæǅèƞ·
>ũøȅĀ? ɛ<*ɚ+Ÿè,ȏ
ɓȳ+ȍǟőÏ*;"%ĝĳ?>çĵƮ)
>'Ŕ<*)" ɛŜǍ&,ɚȍǟőÏ
+Ȯ;.?*'7)ĝĳ?>Ÿǐø
+è*;"%ɚìɊ+ćĵƚȭƠ(+;
*í·>AŦȋ>ɛ 
 Ü 10 *ɚIPF=10mass%;.ƁȨ u=0.1m/s
+ş~*%ɚƚƁŞAí· çÌ+ŷ
ĕőÏƁȞ*>ćĵƚȭƠ+¦đAɚÜ 6
ɘaə*ƾȷƴőÏƁ?+Ǖţ;.ŷƍƄ¼
Ƶ+Ǖţ''7*??ƾɛÜ+ŬȠ,ɚ
ƗűƁ?őÏȝɆ X ' [-]&>ɛÜ;=ɚ
?+ƚƁŞş~*%7ɚÜ 6ɘaə*ƾȷ
ƴőÏƁ?+Ǖţ*Ŷ0ɚćĵƚȭƠ,ɔ
Aƾ'@>ɛ?,ɚ¬Ǎ&ƾ 
Ɓ´Ŀ´<7@>;*ɚȍǟőÏA 90
Ùȟ>'&ɚL ìɊ*Ÿǐø=ɚ
9´Ɓ')> 6ɚŸǐø+Ǳȇ*;>ìɊ
ƉĘoɏǮ*)"  6'ǡ<?>ɛ 
 Ü 11 ;.Ü 12 *ɚP=60 ;. 90mm +Ɓ
Ȟ*>ɚL ìɊ+ćĵƚȭƠ+¦đA
??ƾɛ)ýɓş~,ɚIPF=10mass%ɚ
q=10000W/m2 &=ɚÅ*>ȏɓȳ+Ɓ
Ȩ uA 0.1ɚ0.2 ;. 0.3m/s *í·%>ɛ
3Ü 11 ;=ɚȏɓȳ+ȍǟöµ*@<
Ɓ?HejHȳɘX ' =0ɟ4 +¸Ȼə*Ɓ?
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Fig.5-9  Local heat transfer coefficient; P=60 mm, q=10000 W/m2, IPF=10 mass% 
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Fig.11  Flow pattern in the vertical channel; P=60mm, q=10000W/m2ɚIPFɞ10mass% 
Fig.12  Flow pattern in the vertical channel; P=90mm, q=10000W/m2ɚIPFɞ10mass% 
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Fig.5-10  Local heat transfer coefficient; P=90 mm, q=10000 W/m2, IPF=10 mass% 
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Fig.12  Flow pattern in the vertical channel; P=90mm, q=10000W/m2ɚIPFɞ10mass% 
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Fig. 5-11 Average heat transfer coefficient; IPF=10 mass% 
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Fig.13  Average heat transfer coefficient; IPFɞ10mass% 
                       (a) Left side wall                       (b) Right side wall  
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P=60mm P=60mm 
P=90mm P=90mm 
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 5	 
 ˡ5˞61:ϝ΄˽$+ȮNΖSȳ&Oɴͬñ6Oɣk9ɴ
đʡǒ5M=6ʜÆΌʡǒ9͌ÓSʾʻ3$1ϝ/9ʴ5.+ƽʢSȳ
&Oaaƽʢɴͬ6OƻĂƊɴʜÆΌžϓS̱ϝɴͬ9ƽʢL=
͉̋ȠĴ9ƿτ6/1Ɉ͇S̱.+˸ɂϝȸˇ˚9˩Ŋñ61À¢9˸
͘Sǆ+Ϟ 
 
ϛ1ϜΡʿɴPȠĴ9ɴͬ61,aaɴͬ9Ơšσ2:,aaΖ¡ɴ
LNH¢ɴ61Ɗɴ6LOʜÆΌ@9ƿτŧ.  
ϛ2Ϝ©ɴšσMĉμ$ɿSƽǟ&Oψœ61:ϝšσ6ɬɴP3ɣ
˫ŵ6äɵċ9Ĵʴ5Ořıϝɣ˫ŵ6LNƊɴűMPϝ)P6
3H5ƔǢʜÆΌʦ:Ê¢&OϞ 
ϛ3Ϝ͍ϓΖSΡʿȠĴMɢƬȠĴ6͉̋$+ řıϝƠšσ2ɿSƽǟ$1
OψœSβ1ɣ˫ŵƩ6šσ6ɬ.1$Jđ&O 32ʜÆΌʦ¡
Ȥ&O.  
ϛ4ϜɴͬùΖ61ɣ˫ŵʊʲŚʢĔ&O 32ƊɴSű,
ɾƐ&OãĴ͑GMP+Ϟ 
 
 À¡LNϝƕȮSȳ&O̺λ5ñΖƽʢ9ɴͬñ6Oϝɣk9ɴ
đʡǒ5M=6ƻĂƊɴʜÆΌ9Ŕˍʻ5ʡǒȦM35.+Ϟɣk
SʠËõğŴË3$1Ǽ+řıϝºǃD&D&Ŧɍ5ƽʢSH.+ʠË9õ
ğ@9ǎʬȵǂ"POϞ)9ηϝȸ˞6OɈ͇2ǆMP+eyΖ2
9ɿ6ͧň&OʜÆΌǹđϝ5M=6ɵċ6LOɣ˫ŵ9ǹđ9ŤĔ549ʧ
͝6ά&O˄̽SͭDO 32ϝLNĐʦʻ5õğS̱+G9ǸΝǆM
POH93̏MPOϞ  
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 6 UG !%+(/ 
5Âj 
 
6.1 |· 
 Ć˞D29Ɉ͇Mϝɣk9ƻĂƊɴʜÆΌ61:ò˧ĺNϝ˧
̌ϝaaƽʢɴͬ54ϝɴP9ĉμIó¾˃6ÇL4EψœSȳ&Oɴ
Př61:ɣ˫ŵ9ƔǢʻ5ŗ˙ˋ͑"Pϝ)9͹à9šσ6Oʜ
ÆΌʦ9ƔǢʻ5Ê¢EMP+Ϟ 
 ˀŤĔy}[i:ϝɣk3ɞͳ$1ɊG1ǉƏ5ˀŤĔʠͤ
˫ŵɢ§6Ǟʑ$+ʎʜ̬ʜŴË2Nϝ5/ˀŤĔʠͤ)9ˀSŃ
R'ϝ&5R-ɸˀ2.1HŌˀ2.1H˫ŵ9ƽǙS˾Ƿ&O 3Mϝ
ɣk6̽MP+L5˫ŵ9ŗ˙ʹʫ$63ǒͤSH/Ϟǅ
.1ˀŤĔ[i:LNư˩5ʬ΀6Ĵ+Ŧɍ5ʜɕŅ61ϝʜ
·ȄŅ9ƯÌƽʢIʹͽΗ˧ǁ5463MRP5āʬĬ̖5ϝLNɧʬǒ
9ϔʎʜ̬ʜŴË3$19āʬȵǂ"POϞ 
 ȸ˞61:ϝƶʜŇĨϝ̬ʜϝʜʹͽSʾʻ3$+ϔɕ̖5ʜŴË3$
19āʬSǐω6̋ϝˀŤĔʠͤ3$1lsakSʬϝʱσĔŹʻ
­Ĕɮ9˗2O PIT ­ĔɮSΏʬ$1ʫǟ$+ˀŤĔy}[iS
Ɗ͝3$1ϝ)9ʜʠǒ5M=6ƻĂƊɴʜÆΌʡǒ6ά$1Ɉ͇S̱.+Ϟ 
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6.2 6¶ !%+(/ 
6.2.1 $0.¹j 
 ŋ 6-16ϝȸ˞61ʬ+[i6ˀŤĔʠͤ3$1Ǟʑ"(+l
sakĜË9ôˁSϝŌˀ3ɸˀ)P*P6/1ˎ&Ϟlsak:
tr9ƞMǿĩ"PO̯S˯̹$1ǆMPOŨʗʮȽ9ˀŤĔʠͤ2
NϝĔˮŀϝQ)ϝaϝȀ˃Ĉ549ʬ΀2Ɵɉʻāʬ̱RP1
OϞȸˇ˚61:ϝHiveharvest ˏLN¡͈$+L5̠ʬ΀Ĵ9
lsakSʬ1[i9ʫǟS̱.+Ϟ 
 ̵ 6-1 6lsak9͙ʠǒÜSˎ&Ϟlsak:ϝ177 kJ/kg 3
ɞͳʻŧ5̰̓ʎʜSȳ$ϝ)9̰ʔ: 61.8 °C3ɠʫĴ9˹ʂ6Ώ$
+ʀƲ2Nϝ5/ɢ3͹Ü9ƅƲSH/ 3M[iñ6
1ϔŻŽǒ2ûȘ&O 3ȵǂ"POϞ 
 "M6ϝlsak:¡͈$+L6̠Ɓƴ6ƅ˃$+ʬ΀6āʬ"
P1O 3M¹Ë63.19Żíǒ͑˄"P1O 36čϝĲ˖Ʋ
9̰ʔSȳ&O½9V]˱ˀŤĔʠͤ3ɞͳ$1ŻÓ2Ƃȧ6ìǣĬ̖2
O3āʔSȳ&O+GϝˀŤĔ[i9ʬ΀63.1Ώü5ʠͤ
2O3̏MPOϞ 
 
 
 
 
 
 
 
 
 
         (a) Solid phase                           (b) Liquid phase 
Fig. 6-1  Photo of beeswax  
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Table 6-1 Thermophysical properties of beeswax 
 
 
  
Property Unit Value
Density ρ kg/m3 970
Specific heat c J/(kgK) 3400
Thermal conductivity λ W/(mK) unknown
Thermal diffusivity α m2/s unknown
Melting point (literature) °C 61.8
Latent heat of fusion (literature) J/kg 177000
Flash point °C 204.4
Discoloration °C 85
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6.2.2 6¶%+(/lr 
 ŋ 6-26ϝÑ͍[i9˶ǟ5M=6ʫǟǣχSˎ&Ϟ 
 Ñ͍[i:țʥ[1]6H30ϝPIT­Ĕɮ3L;POʱσĔŹʻǣɮ
9/6ʆǳ$1ʫǟS̱.+Ϟ 
 D'ϝĜË9lsakS̰ʔÀ¡D2čʜ&O 32̰̓"(ϝǢŽ
9Λ9ʱσɳǒĈnp}kuVwϛłŀĳ Span 60, HLB=4.7ϜL
=[rbenp}kuVwϛłŀĳ Tween 60, 
HLB=14.9ϜSčϝLȎǰ$1żí6ʇ̓"(+Ϟ  2ϝHLB 3:ʱσɳ
ǒĈûŵ6ÒɢŔ3̀ɪŔ9ș9ɞS̵&Ü2NϝHLB 9Üʴ5O
¡͈ 2 ˗ώ9ʱσɳǒĈSɢ3ɺı&O 32ϝíË3$1[iʫǟ
6+.1ȱΏ35O HLBÜSH/ʱσɳǒĈʇɸSʫǟ$+Ϟ 9ɺıʠ9
ʀƲSʱσɳǒĈ9 PITϛPhase Inversion Temperature: ͰˀʀƲϜ2O 70 °C
6Ø.+¡2Ĳ% 70 °C9ɢSɰ3ϝͲȎǰ$+,2ŋ§9§ɛĮ6ˎ
&L6lsak̝ʹʻ6ɢ§@3ûȘ$1Kɍŵˋ͑"P+Ϟ
"M6 9ɺıʠ9ʀƲS 70 °C 6˾Ƿ$//[iUX61ȎǰS
̱ 32ϝǉ˴5˫ǁ9˫ŵSĵT,[i9ʫǟS̱.+Ϟ 
 PIT3:ϝʱ σɳǒĈ6Ōȳ9ʀƲ2Nϝʱ σƺċɊƏ35OʀƲ2Nϝ
ʱσċŹʻ6ȱHɸʋƏ"5NI&ʀƲȼÂ2O 3MϝƏ"˫
ǁ9[iSǆO+G6: 70
6˾Ƿ&O 3£Ĭɖ2.+Ϟ 
Ramnanan-Singh[1]:ϝ¡͈9˶ǟL=Ƞɮ2ʫǟ$+[i:ϔɴđ
ǒSȳ$ϝ5/ DSC61lsakĜË9̰ʔ3L̞&Oʀ
Ʋ2ʎʜ9ĶĨ́ƈ"PO 3SŘĹ$1OϞ 
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Fig. 6-2  Preparation process of testing emulsion  
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Figure 12: Homogenizer theory [15] 
After all the ingredients are together, it is then time to further stabilize the microemulsion by 
intense mechanical mixing accomplished using a homogenizer.  While still in the recirculation 
bath housing, the emulsion was placed under the Silverstron L4RT homogenizer to undergo 
further emulsification.  The homogenizer is an instrument which basically reduces the size of the 
globules within the emulsion by forcing it through holes of a very small diameter under pressure.  
The fitting with the perforations is called an emulsor screen and comes in different diameters.  
Once the workhead of the machine is lowered into the emulsion the rpm is increased to a suitable 
number.  While there is some trial and error it is understood that the higher the rpm the better the 
emulsification process; an rpm of 8500 was settled upon.  The rotor bales rotates within the 
workhead thereby causing a suction effect which pulls in the emulsion molecules upwards from 
the bottom to the center of the workhead.  Centrifugal force then comes into play sending the 
emulsion to the periphery between the rotor blade and the emulsor screen where it is subjected to 
milling action.  Hydraulic shear effects are then witnessed where the emulsion contents are 
subjected to high velocity out through the perforations in the screen.  The expelled emulsion is 
Suction of 
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Milling action 
between rotor 
blades and 
emulsor screen 
Hydraulic she r 
forces material 
through 
perforations in 
screen at high 
velocity 
Circulatory 
pattern with 
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upwards 
Shear with 
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at 70°C 
Bees$
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6.2.3 6¶%+(/¡g@a 
 ŋ 6-36ϝȣɕ̶̹hŇǩϦȘ¬Ʒ˫ƲûƤ͆Xawsa6LN
͆ʁ$+ϝʫǟM˲ 60ȣǃ6OÑ͍[iñ6Ols
ak9˫ǁûƤSˎ&ϞŋLNϝ˫ǁ:Ĳɍ9 O/WϛOil-in-WaterϜŒûȘ˱S
ƽǟ$1Oʟ­ñΖ6O­̗̓9˫ǁ3ĲˢO:)PÀ¢9ψœ6
ûƤ$1O 3ROϞ̠ʻ6ϝy}[i3: 10-200 nm9˩Ŋ
9˫ǁûƤSH/[i6ʬMPOʬ͓2Oϝȸˇ˚61ʬ
+[iñ6O˫ŵ:ϝ)PLNIIŧ˫ǁœ6ûƤ$1
O 3ROϞ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6-3  Droplet size distribution of testing emulsion; 60 days after preperation  
粒度分布測定結果 http://www.nikkiso.co.jp/10.5.4-236FMicrotrac Version
※ 要約データ ※ ※ 測定条件 ※0.896MN(um)MV(um)
測定回数 HRAサンプルID1 702サンプルID2測定日付測定時刻
ファイル名レコードNo.備考測定時間(秒)2013/04/0415:18
HRA_Data_04_121103～NOW.dms2Beeswax04 拡張
Avg/2
30
** **
粒子透過性 :粒子形状 :粒子屈折率 :溶媒屈折率 :
透過真球形1.431.333
DV = 0.018310%(um) = 0.29450%(um) = 0.50490%(um) = 1.999
==MA(um)= 0.2050.490CS = 12.2438SD(um)= 0.650
透過率(TR) 0.928
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DV = 0.018310%(um) = 0.29450%(um) = 0.50490%(um) = 1.99
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6.2.4 6¶%+(/Çu@oYZj 
 ŋ 6-46ϝʫǟM 40ȣ˷Ίǃ9Ñ͍[i3ϝʫǟM˲ 2ƭΫſ
ʀ61ρ̋"P+Ñ͍[i9ôˁSˎ&ϞϛaϜ6ˎ$+ 40ȣ˷Ίǃ9
[i61:lsak˫ŵ9ûμ:EMP'ϝʫǟʿǃĲɍϝ
[iñΖ6ǉ˴5lsak˫ŵŐ6ûȘ$ϝBCɍ5­
ʺ̢Sĸ$1O 3́ƈ"P+Ϟ 
 ȠϝϛbϜ6ˎ$+ʫǟM 2ƭΫ˷Ί$+[i61:ϝƂ
ŅƱΖ6ɢʇɸ9E2ƽǟ"POęͿȦ9ɸĜˀƘ́ƈ"P+Ϟ"M6ϝ[
i9¡ȠŧΖûSĝGO­ʺ̢9ƘϝʫǟM 40ȣǃ9[i
3ɞͳ$1IIϙ̢.+̢Sĸ$1O 3ROϞ P:ϝ2ƭ˷Ί
ǃ9[iñΖ61lsak˫ŵ÷κ$ˬŧĔ&O 32
ɵċ9ƿτƻ5.1¡Ƞ6ûμ$1Nϝ5/˫ŵ9ˬŧĔ6L.1
[iñΖ6ìƍ$+éʫǟʿǃB46:Ș¬"P'ϝlsa
kĜË9̢L̽OL65.1O+G2O3̏MPOϞ 
 
 
 
 
 
 
 
 
 
 
 
 
   (a) 40 days elapsed                      (b) Approximately 2 years elapsed 
Fig. 6-4  Photos of emulsions which are statically set under room temperature  
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6.2.5 %+(/¢j8p 
 ŋ 6-56ϝˡ 2˞61ͼA+ǺđƷ˭Ʋ͆Sʬ1͆ʁ$+Ñ͍[i
9˭ǒÖșSϝʀƲSɒͱ3$1ˎ&Ϟ 
  ͂ƽ9][i9žʁÜSˎ$1Nϝπ̂˳ɢ9țʥ
ÜSˎ$1Nϝͥ̂¢6ˎ&͆ʁ˸ɂ9Ňƨûɀ6LNǆMP+ Andrade
Œ9͹ÈȮ̂M˦ú"P+ÜSˎ$1OϞ 
 
   ϛ6.1Ϝ 
 
  2ϝ:[i9˭ǒÖș[mPaϦs]ϝT:ȉɟʀƲS)P*P̵$1
OϞ 
 [i9X}lș9˦Ž6+.1:ϝžϓ6LNǆMP+̜ʀ
ƲS¡Ʒ9 T6¿ì&O 32ǆ+˭ǒÖș9ÜSʬ+Ϟ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6-5  Viscosity of testing emulsion 
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6.3 %+(/eC^5Â 
6.3.1 [Ì®§ 
 ŋ 6-66ϝȸˇ˚2ʬ+žϓ̶̋˱˺ŋSˎ&Ϟžϓ̶̋:ϝ[i
͠ʲpaϝþȵʀƲ͉Žʬ9ǓʀɢɎϝďͦΖL=͍ϓΖSĵF[i
ǈʪ˱6LNɌǟ"P1OϞ 
 pañ6ʄ+"P+[i:6LNȈͽ"PϝXkɴͬ
6LNɴΛS͉Ž"P+ǃϝǓʀɎñ6ɶʍ"P+eXʢ9ʜ·ȄŅñS΁
Ί&O 32þȵʀƲS͉Ž"Pϝ)9ǃ΂ƲďͦĕΫS˷ʮ&O 32ʹΌ
$+ɴPřSƽǟ$//͍ϓΖ@3ɴì&OϞ 
 5ϝ&A19ɴ΂ȼÂ61ʹΌ$+ɴPSƽǟ"(O+Gϝ΂Ʋďͦ
ĕΫ9Ψ":ɴPř9ʹΌ6ȱHΨͪμS̻&OȼÂϝ&5R-¬ɴ6Α˔
&OʿĆ9ƘɴʹΌ&O96ǌ̻5ͪμLNIIΨ 1.4 m6͉Ž$+Ϟ 
 ͍ϓΖ:ŋ 6-76ˎ&ƉɮSȳ&OɢƬkuk˧2NϝǢŽ9ξōSĞ
č&O 32ˢʜɴȻčʜĬ̖35.1OϞ͍ϓΖťß:ϝ΁ξ6LNʹ
ʫ$+ʜ&A1˧ñSɴPOɴË6ĴLϝbkYȞʜȹ6LO
Ȟʜȡ"P1OϞ 
 ͍ϓΖìīL=úī6:[i9aʀƲ͆ʁ9+G9 KŒʜξ
Ɗǻì"P1Nϝ͍ϓΖ9čʜò˧ťš6:͍ϓΖšσʀƲ͆ʁ9+G T
ŒʜξƊ 190 mmΫδ2 5ȸ͉̋"P1OϞ  
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Fig. 6-6  Schematic of experimental apparatus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6-7  Details of test section 
Nano-emulsion flow loop 
Bypass flow line 
Thermal insulation 
K type (bulk) thermocouples 
T type (surface) thermocouples 
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6.3.2 [ÌrÎ0?[Ìw4 
 žϓȠɮ3$1ϝlsak9̰ʔSͨ5ʀƲ6͉Ž$+[i
S6LN͍ϓΖ@3Ñ˹$//Ž9ʜɴȻȼÂ61͍ϓΖ9
čʜS̱ϝŽƩʢǙ9H32İʔ9ʀƲvpSĨκ$+Ϟ͍ϓΖìīM
9ͪμ x [m]9É̋6OƔǢʜÆΌʦ hx [W/(m2ϦK)]:ϝšσʜɴȻ q [W/m2]ϝ
šσʀƲ Twx [
]ϝL=ìī3úī)P*P9aʀƲM̂ƽ̸Ϋ6LN
ɦG+İʔ9ɺıƬŐʀƲ Tbx [
]S¢Ʒ6¿ì&O 32˦Ž$+Ϟ 
 
  hx = q / (Twx - Tbx) ϛ6.2Ϝ 
 
 D+ϝžϓȼÂ3$1͍ϓΖʜɴȻ q [W/m2]ϝ͍ϓΖȞσƬŐɴ΂ u [m/s]ϝ͍
ϓΖ2Oò˧9ñǁ D=11.3×10-3 mS¿̵Ψ"3$1˦Ž$+X}lș
ReD [-]Sϝ̵ 6-26ˎ&Ü6͉Ž$1žϓS̱.+ϞD+ϝ[iSʬ
+žϓ6čϝɞͳƊ͝L=žϓ˸ɂ9ŰƼǒ9Ɉ͊9+Gϝɢ΋ɢSʬϝ
ƘɴL=¬ɴȼÂ6͉Ž$1[iĲɍ9žϓS̱.+Ϟ 
 
Table 6-2  Experimental parameters 
 
Heat flux 
q    [W/m2] 
3800 
Velocity of emulsion 
u    [m/s] 
0.18 - 1.15 
Reinolds number 
ReD    [-] 
140 - 1700 
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6.3.3 [Ì¤z 
6.3.3.1 ÁSN5Â 
 ŋ 6-86ϝÑ͍ɴË3$1ɢSʬ+řı9ʜÆΌʦSϝțʥLNƸʬ$+Æ
ʜˀάƷ6LO͆˦˸ɂ33H6ˎ&Ϟŋ9ɒͱ:ò˧k9X}lș
2Nϝ˧ ñ9ɴP: ReD < 23209ȼÂ61Ƙɴϝ2320 < ReD9ȼÂ6
1¬ɴ35.1OϞȸžϓ61ƘɴȼÂ6OX}lș5M=6
bkș:țʥ[3]6LP;ƻĂƊɴ6č1̝ʗƊɴά¤&OïŸƊɴ
œ6ˀƼ&O+GϝSieder-Tate[4]ȃɅ$+žϓȚʩƷ3ɞͳS̱ϝ¬ɴȼÂ
61:Ĝ˳5ƻĂƊɴœ35O+Gϝò˧ñ6O¬ɴ9ʜÆΌʦSɋ
˦&Oη6ưʬMP1O Dittus-Boelter[5]9Ʒ3ɞͳS̱.+Ϟ 
 ŋLNϝȸžϓ6LNǆMP+ʜÆΌʦ:țʥÜM15 %˖Ʋ9ÜSˎ$
1O 3ROϞ 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6-8  Heat transfer coefficient of tap water, comparison to literature values 
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6.3.3.2 `m5Â@a 
 ŋ 6-96ϝ[iSʬ+žϓ6OƔǢʜÆΌʦûƤSˎ&Ϟŋ9
ɒͱ:͍ϓΖìīM9ͪμ2Nϝ͍ϓΖȞσƬŐɴ΂ u [m/s]SŤĔ"(1
ˎ$1OϞ 
 5ϝ[iSʬ+žϓ2͉Ž$+ɴ΂ȼÂ3žϓ˸ɂLNǆMP
+̜ʀƲ6O[i9ʠǒÜM˦ú$+X}lș ReD [-] 9
Ü: 140 - 1700 ˖Ʋ2Nϝ&A19ɴ΂ȼÂ61Ƙɴƽǟ"P1O
3̏O 32OϞ 
 ŋLNϝɴ΂9¡Ȥ6Çϝúī6͹É̋B4͹ʜÆΌʦÊ¢$1K
ãĴEMPOL65.1O 3ROϞ P:ϝʀƲşʱƘ9ʹΌ$
+˧ñɴ61:{smwș9ÜŽÜ65O 3L˄MP1O
ϝÊɴ΂ȼÂ61:ʀƲşʱƘ͍ϓΖìīMΫH5ʹΌ&O96
Ɗ$ϝϔɴ΂ȼÂ61:ʹΌ&O+G6ΨͪμS̻&O+G2O3̏
MPOϞ 
 
 
 
 
 
 
 
 
 
 
 
Fig.  6-9  Distribution of local heat transfer coefficient  
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6.3.3.3 £[Ì¤z	cR5Â¾ 
 ŋ 6-106ϝ͍ ϓΖíË6OƬŐʜÆΌʦ hm [W/(m2ϦK)]Sϝ˳ ɢSʬ+
řı9˸ɂ33H6ϝɴ΂Sɒͱ3$1ˎ&ϞÑ͍[i:ϝĲ9ɴ
΂ȼÂ6O˳ɢLNHÊʜÆΌʦSˎ& 3ROϞ P:ϝĆͼ$
+L6[i9˭ǒÖș˳ɢLNHϔ 3©ň2O3̏M
POϞ 
 ŋ 6-116ϝĲɍ9˸ɂSX}lșSɒͱ3$1ˎ&ϞŋLNϝ[i
3˳ɢ3H6ƘɴS5$1O3̏MPOReD<20009ȼÂ61:ϝ
[i˳ɢLNHϔʜÆΌʦSˎ$1O 3ROϞ 9ġň
3$1ϝ[i9˭ǒÖșɢLNHŧ 36LNwș9
Üŧ5.1O 36čϝlsakŌË˫ŵ3$1ɺì$1
O 32[i9ȳĐʜÆƎʦ˳ɢLNHϔ5.1O 3̏
MPOϞ 
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Fig. 6-10  Cross-sectional average velocity vs. average heat transfer coefficient 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6-11  Reynolds number vs. average heat transfer coefficient 
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 6	 
 ˡ6˞61:ϝ˹ʂʬʜʅ3$1āʬ$I&̰ʔϛ61.8
Ϝ6Oʎ
ʜ̬ʜ9Ĭ̖5lsakSˀŤĔʠͤ3$1ʬ+ˀŤĔy}[i
SƊ͝3$1ϝ)9ʜʠǒ5M=6ɢƬò˧ñ6OƻĂƊɴʜÆΌʡ
ǒ6/1Ɉ͇S̱.+˸ɂϝȸˇ˚9˩Ŋñ61À¢9˸͘Sǆ+Ϟ 
 
ϛ1Ϝlsak6ʱσɳǒĈSɻč&O 32ϝϔΨȵûȘŻŽǒSȳ
&O[iSʫǟ&O 3Ĭ̖2OϞ 
 
ϛ2Ϝȸˇ˚2ʬ+[i:ϝɢ3ɞͳ$110-20 Û˖Ʋϔ˭ǒÖș
Sȳ&OϞ 
 
ϛ3ϜÑ͍[i:ϝò˧ñ9ƻĂƊɴʜÆΌ61ϝĲɴ΂9ɢ3
ɞͳ$11/8-1/2˖Ʋ9ÊʜÆΌʦSˎ&Ϟ 
 
 lsakSPIT­Ĕɮ2ɢ§6Ǟʑ"(O 32ϝϔûȘŻŽǒSȳ
&O[iSʫǟ&O 32O 3R.+Ϟ 
 Ĳɍ6PIT­ĔɮSʬ1­Ĕ"(+½9[i[2]:ϝșȣMș΅Ϋ
9-6Ȧˋ5ûμSˎ$+Nϝ˫ŵ9÷κϦˬŧĔ6LOƜŢSͧ $1$D
 3H˕2:5 3Mϝ2ƭ˷Ί$1H5[i9ʢǙS˾Ƿ
$1Oȸ˞9[i:ϝςƩ6ϔûȘŻŽǒSȳ$1O 3R
OϞ 
 $$5Mϝȸ˞6O[i:˭ǒÖșɢ3ɞͳ$15N
ŧ 3MϝʜŇĨL=ʜāʬȪ6Oʜ·Ȅǒ̖ϝL=ʜʹͽȪ
6̻&Ođċ9σ2IIĎ.+ǒͤSȳ$1O3OϞ 
 "M6ϝȸ˞2ʬ+­Ĕɮ6OʱσɳǒĈ9PIT:70 °C2Nϝ61.8 °C
2Olsak9̰ʔ3ɞͳ$1R' 8 K˖ƲϔÜ35.1OϞ
PIT:ǉƏ5ˀŤĔʠͤ˫ŵSÍO96ȱΏ5ʀƲ2O3ĲȪ6ϝɢ§ɪʋŒ
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[iMɪ§ɢʋŒ[i@ͰȄ&OʀƲ2O+Gϝ PL
Nϔʀ9ʜʅMʜSĶĨ&Oη6:ϝ[i9ǒͤ̪$ŤĔ$1
$D 3Ǟǐ"POϞ 
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 7 UG !%+(/ 
[K¬jÈ¹{² 
7.1 |· 
 Ć˞61:ϝPIT­ĔɮSʬ1ʫǟ$+ˀŤĔ[i9ʜʠǒ5
M=6ʜÆΌʡǒ6ά$1Ɉ͇S̱.+ϞPIT­Ĕɮ:ϝϔōjyXhS
ʬ+ɕɆʻ­Ĕɮ543ɞͳ$1ɷ͡[|`Ə"ϝġȜ9Ηıϝʀ
Ʋ͉ŽL=ȎǰS̱,2Ƃȧ/Êekw2[i9ʫǟS̱
 32O 3Mϝ[i6ά&Oˇ˚ʼT6̱RP1OĔˮ
ŀûΚ:H3LNϝˀŤĔ[i9ʫǟ61Hāʬ"P1+[1]Ϟ 
 $$5M PIT ­Ĕɮ:ϝĆ˞2ͼA+L6ʱσɳǒĈƻʀƲÒŸ
ǒSˎ&ǒͤSāʬ$1ϝȱHǉƏ5ɸʋSʫǟ$I&ʀƲ2O PIT 6͉
Ž$+¡2­ĔS̱Ƞɮ2OϞ 9 3:ϝPIT­Ĕɮ6LNʫǟ"P+[
i)9ȱΏ5ʀƲœMťPP;£ŻŽ35O 3SǘĻ$1Nϝ
žʬʪş6OʀƲŤĔƃĽ¾MP1OʜŴË3ʬ΀63.1:
ůD$5ǒͤ2O3 32OϞ"M6 PIT ­Ĕɮ:ϝĆ˞2ˎ
$+[i9ʫǟǣχ9L6ϝʀƲ͉Ž$+ɪˀñ6ʱσɳǒĈSʇ
̓"(+9-6ɢ9ɻčS̱ϝRKO Agent-in-oil ɮ[2]ʬMPO 3
̠ʻ2O+Gϝ<3+=[iɢσM9Ȇʹ546LNɢˀ3ɪ
ˀ9ûμͧ .1$D;æ9[i6Ǡ& 3253.+
ŃόǗŽ"POϞ 
 ȸ˞2:ϝ 9L5ŃόS̓ɷ&O̽ͶE9O­Ĕɮ3$1 D ˀ­Ĕɮ
SΏʬ$1ˀŤĔ[i9ʫǟS̱ϝ)9žʬĬ̖ǒ6ά$1Ŧσʻ
5Ɉ͇S͍E+Ϟ 
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7.2 6¶%+(/
¶Ìr 
7.2.1 6¶%+(/lr 
 ȸˇ˚61:ϝϗ͜M[3]Ĕˮŀ@9āʬSʾʻ3$1ˋ˝$+ D ˀ­
ĔɮSʬ1ϝɢʇɸ§6V]˱ PCM2O n-_gv]ϛ̰ʔ 18.2 °Cϝ
̰̓ʎʜ 229 kJ/kgϜSϝʱσĔŹʻ6ûȘ"(O 32[i9ʫǟS
̱.+Ϟ 
 ȸˇ˚61:[i9ġȜ3$1ɢϝn-_gv]ϝʱ σɳǒĈ
3$19\_i[rnp}\Vwϛłŀĳ Tween 80ϝ
HLB=15.0Ϝ6čϝŦÓVe3$1 1,3pj\Sʬ+Ϟ 
 ŋ 7-16ϝÑ͍[i9ʫǟǣχ9ÐSˎ&Ϟʫǟ6+.1:ϝ
M%GƐΛ9ɢϝʱσɳǒĈ6č1 D ˀ­ĔɮSʡǊ0Oɻčʠ2O
1,3-pj\Sɺı$+H96ɸˀ9 n-_gv]Sɰϝƻċkp
6L.1ȎǰS̱3ϝdʢ9 O/DϛOil in DiorϜ[iƽǟ"
POϞ P6ŦΛ9ƥΘɢSɰ2oʢ3&O 32ϝ˭ǒ9Ê[i
Sʫǟ$+Ϟ 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7-1  Preparation process of the testing emulsion 
using D-phase emulsification method  
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7.2.2 ¶Ìr 
 Ñ͍[i: 4˗ώʫǟ$ϝ)P*P[i AϝBϝCϝD3ļ
> 33&OϞ)P*P9[i9˶ǟSϝn-_gv]ϠɢϠʱσɳ
ǒĈ : 1,3pj\3$1ͤΛûʦɞ2̵&3ϝA3 B: 10:84:4:2ϝC3
D6ά$1: 10:82:6:235OL6M%G͉Ž$1ʫǟS̱.+Ϟ 
 "M6ϝ[iñ6O PCM9̰̓L=÷Ōϝ&5R-žʬʪş
¢6Oʎʜ̬ʜΊ˖3ȕʜΊ˖9̊Nͺ$6Ɗ&Ȏªǒ9͌ÓS̱+
GϝB3 D6ά$1:ʫǟʿǃ6 30 °CD29čʜ3-1°CD29õğM5O
ĺȵʻ5ʀƲŤĔS 10gXa̊Nͺ"(ϝ 9gXaż¯$+ȪʔSH
.1þȵʢǙ3$+Ϟ 
 ʫǟ$+[iSþȵʢǙML) 60ȣΫ6R+.1ſʀʪş¢6
ρ̋$ϝŽȵʻ6ΏΛ9gSǮú$+¡2ϝʾ̾6LOΨȵûȘŻŽǒ
9͌ÓϝhŇǩƷ˫ŵǁûƤʁŽ̶̋6LO PCM˫ŵ9˫ǁûƤ͆ʁϝ
ŇͰƷ˭Ʋ͆6LO[i˭ǒÖș9͆ʁϝL=ʜɴȻŒ DSC6LO
ĶʜϦȕʜǹđ9ûɀS̱ϝ)P*P9˸ɂSɞͳ&O 32[i͙
ʡǒ9˷ȪŤĔ6ά$1Ɉ͇S̱.+Ϟ  
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7.3 ¯Çu@oYZjµ7 
 ŋ 7-2 6ϝčʜõğgXaʿǃ9[i B 3ϝʫǟL=čʜõğ
gXaM˲ 30 ȣΫſʀʪş61ρ̋"P+[i B 9ôˁSˎ&Ϟ
ŋLNϝ30 ȣǃ9[i:ϝƂŅ¢Ƞ61_gv]˫ŵII
ƥ̮65.1OƘEMPO 3ROϞ P:ϝ_gv]˫ŵɵ
ċ6L.1Ǆ6¡Ƞ@3Ƹ¡MPO+G2O3̏MPOϝȸ˞6
1ĩNǤ[i:̪̐M9 PD29ˇ˚[4]61ʫǟ"P+
½9V]˱[i3ɞͳ$1ϝ̡ů5ûȘŻŽǒSȳ$1O3̽
5& 32OϞ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Right after heating & cooling cycles    (b) 30 days after the initial condition 
Fig. 7-2  Temporal change in appearance of the emulsion B 
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7.4 %+(/<UG¼¡g@a 
 ŋ 7-3 6ϝ͆ʁ6LNǆMP+˫ǁûƤ9Ð3$1ϝ[i B 9˫
ǁ d [µm] 9ûƤSˎ&ϞϛaϜ̰̓Ϧ÷ŌgXaʿǃ9þȵʢǙϝϛbϜ 60
ȣ˷Ίǃ9ûƤS)P*P̵$1Nϝ)P*PĆφ6ˎ$+ôˁ6Ɗǎ$1
OϞ 
 þȵʢǙ3ɞͳ$+řı6O 60ȣ˷Ίǃ9İ˫ǁƧœ6OϋƲ9˷
ȪŤĔ:ϝ&A19Ƨœ615 % ȷʄ2O 3R.+Ϟ 9 3
Mϝ̪ ̐M PD29ˇ˚[4]61½9ȠɮSʬ1ʫǟ$+[i
3ɞͳ$1ϝȸˇ˚6OÑ͍[i9˫ǁûƤ:ϔΨȵŻŽǒ
Sȳ$1O 3ROϞ 
 D+ϝĆφ2_gv]˫ŵɵċ6LNûμ&Oɍŵ6/1ͼA+ϝ
˫ǁûƤΨȵʻ6ςƩ6ŻŽ$1O 3Mϝ 9ûμ:[i
̠6̽MPO˫ŵ9÷κI\kwxʛǟ6LOˬŧĔ6LOH92:5ϝ
ûȘ$+_gv]˫ŵ)9ƽSØ.+DDĜ6ɵċ6L.1¡Ƞ@3Ƹ
¡MP1O+G2O3̏MPOϞ 
 ΄9͆ʁMϝ[i B,2:5 AϝCϝD9˫ǁûƤH P3
Ĳˢ9ΨȵŻŽǒSˎ& 3R.1OϞ 
 "M6ȸˇ˚61 PD2žȡ$+íg9˫ǁ:˗ώL=˷Ί
ȪΫ6RM'ςƩ6È΁.+ûƤSˎ$ϝ)PM9ƬŐǁϝxǁϝ
jVǁ:ϝ&A1 0.415 µm M2%˖Ʋ9˩Ŋ6ûƤ$1O 3R
.+Ϟ  
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Fig. 7-3  Temporal change in droplet size distribution of the emulsion B 
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7.5 DSCt¦ 
 ŋ 7-46ϝȸˇ˚6O DSCʁŽ6ʬ+gϛƂŅϜ9ôˁS
ˎ&Ϟŋ9Ơß˛92ϝĮß[iSìP+¡2Ʊσ3Ĳ
ɍ9ƉɮSȳ&OVzY̮ȿ6LN̨3$̭S$+ʢǙ92OϞ 
 ŋ 7-56ϝ^aˏ̹ʜɴȻŒ DSCSʬ1͆ʁ$+ʫǟM 60ȣΫ˷Ίǃ
6O[i AL= B9 DSCȮ̂Sˎ&Ϟŋ9̆ͱ: DSCÙįS
͍ȜͤΛ2β&O 36LNǆMP+ĜÉͤΛ+N9ʜɴ [W/kg] 2Nϝ3
H6ŽōϛŧɡōϜʪş¢61[iS-6
6˾Ƿ$+ǃ 26 °CD2
2 K/min9Ȥʀ΂Ʋ61čʜ$ϝ)9ǃ-2 K/min9΂Ʋ2-6 °CD2õğ&OL
b$1͆ʁS̱.+ϞİȮ̂9¢ß:čʜΊ˖ϝ¡ßõğΊ˖S)
P*P̵$1OϞ 
 ̨$̭S('gɸσSŧɡ6̓ȕ$+ʢǙ2 DSC͆ʁS̱3ϝg
ɸσM9̫ʹ6LN DSCȮ̂Į¢N35Nϝ5/ʜɴ 035
O9ɢƬ̂MςƊ˓5kXSȂɍŵˋ͑"P+ϝ̨$̭S&
O 32̫ʹ9ƿτƯûǽβ"P+Ϟ 
 ŋLNϝ̰̓Ϧ÷ŌgXaS˷+[i B:ϝʫǟǃ/86ſʀʪş
6ρ̋"P+ A 3BCĲɍ9Ȯ̂SȂ1O 3MϝÑ͍[i:
žʬʪş6O̊Nͺ$ÏʬSɐ$+čʜϦõğΊ˖9̊Nͺ$S˷1H̬
ʜϦȕʜʡǒSʹȆ&O 3ȵǂ"POϞ 
 D+ϝčʜΊ˖61:Ćͼ$+ n-_gv]ĜË9÷Ōʔ3BC̞
&O 18 °C͹à61ʎʜĶĨSˎ&aEMPO96Ɗ$ϝõğΊ˖6
1:ʎʜȕúSˎ&a 1 °C͹à3ÊʀƲœ61ʧP1O 
3ROϞ P:ϝŋˎ$+gñ6ρ̋$+Ñ͍[i9
õğS̱3ϝn-_gv]˫ŵΊõğƲ 17 K ˖Ʋ9ΊõğʢǙ35O 
3Sˎ$1O3̏MPOϞ  
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Fig. 7-4  Sample pan for DSC measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7-5  DSC curve of the emulsions A & B; 
60 days after preparation and heating/cooling cycles 
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7.6 6¶%+(/¢j8p 
 ŋ 7-66ϝBrookfieldˏ̹ŇͰƷ˭Ʋ͆Sʬ1͆ʁ$+ϝþȵʢǙ6O
İ˗[i9˭ǒÖș9ʀƲÒŸǒSϝ˳ɢ9țʥÜ33H6ˎ&Ϟ5
ϝ˭ǒ9͆ʁ:ϔʀMÊʀ@Ĵ.1[iSõğ$5Mϝ&5
R-ŋ 16ˎ$+ DSCȮ̂9¡ß9˷ͬSͷM(//̱.+Ϟ 
 ŋLNϝÑ͍[i9˭ǒ:ϝ˳ ɢ9 2-3Û˖Ʋ9Ü2ȁ˔$1O 
3ROϞ 
 D+ϝŋLN[i CL= D:ϝAL= B3ɞͳ$1ϔ˭ǒS
ˎ$1O 3ROϞ P:ϝCϝD9ʱσɳǒĈ9ͤΛûʦ AϝB3ɞ
ͳ$1 1.5Ûϔ+Gϝ[iñ6O΄˽ˀ9˭ǒŧ5.1
O 3ϝ[iíË9˭ǒ6ƿτ&O+G2O3̏MPOϞ 
 ŋ 7-7 6ϝ˭ǒÖș9˷ȪŤĔ9Ð3$1ϝ[i B 9˭ǒ9˷Ȫ
ŤĔSˎ&Ϟ 
 ŋLNϝ&A19ʀƲ61[i:̰̓Ϧ÷ŌgXaʿǃ9þȵ
ʢǙ61ȱHϔ˭ǒSˎ$ϝʫǟMȣș9˷Ί$+[i:ϝ
þȵʢǙ3ɞͳ$1-7 %D29˩Ŋ2Ê˭ǒSˎ$1O 3R.+Ϟ 
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Fig. 7-6  Comparison of viscosity of the emulsions; initial state 
 
Fig. 7-7  Temporal change in viscosity of the emulsion B 
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 7	  
 ˡ7˞61:ϝDˀ­ĔɮSΏʬ$1ʫǟ$+ˀŤĔy}[iS
Ɗ͝6ϝžʬʪşSɐ$1čʜõğgXaS̊Nͺ$ϝ)9Ćǃ6Oǒ
̖ŻŽǒ9͌ÓS̱.+˸ɂϝȸˇ˚9˩Ŋñ61À¢9˸͘Sǆ+Ϟ 
 
ϛ1ϜDˀ­Ĕɮ6LNϝčʜϦõğ9̊Nͺ$6Ɗ&Oϔ̑ªǒSȳ&O[
iSʫǟ&O 3Ĭ̖2OϞ 
 
ϛ2Ϝȸ˞6O[i:ϝȪΫ9˷Ί33H6̣ƫ9ûμSˎ&ϝ
)9˫ǁûƤ:åP+ΨȵŻŽǒSȳ&OϞ 
 
ϛ3Ϝȸˇ˚2ʬ+[i:ϝɢ3ɞͳ$12-3Û˖Ʋϔ˭ǒÖșSȳ
&OϞ 
 
ϛ4ϜʱσɳǒĈʒƲ9¡Ȥ6Çϝ[i9˭ǒÖșŠč&OϞ 
 
 D ˀ­Ĕɮ6LNϝſʀ61ʀƲĂǇS&O 35ˀŤĔ[i
Sʫǟ&O 32+Ϟ 9 3Mϝȸ˞6O[i:ʀƲ
ĂǇSǌ̻3&O PIT ­Ĕɮ6LNʫǟ$+[i3ɞͳ$1Ɛ5[
|`Λ2ʫǟ&O 3Ĭ̖2O3̏MPOϞ 
 "M6ϝȸ˞6O[i:žʬʪşSɐ$+ĶʜϦȕʜgXaS
˷1HåP+ǒ̖ŻŽǒSȳ&O 3ϝɢ9 2-3Û˖Ʋ3ɞͳʻÊ˭ǒÖșS
ȳ&O 354ϝʜŴË9ʬ΀63.1ůD$ǒͤSŦșȳ$1O 3 
R.+Ϟ 
 D+ϝȸ˞6O[i:ȪΫ˷Ί33H6Ǆ6ûμ&O 3
R.+ϝ˫ǁûƤ9˼˽ʻ5͆ʁ6LN\kwxʛǟ6LO˫ŵ9ˬ
ŧĔ54ϝ[i9ƜŢ3EMPOʧ͝:ͧ .15 3R.
++Gϝ2Ȳ˖Ʋ9ΨȵΫ6R+.1ȕ̋$+ǃ2HȎǰS̱;æ9L6
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Ő5[i3$1ÏʬĬ̖5ʢǙS˾Ƿ&O3̏MPOϞ 
 $$5Mϝȸˇ˚61:Ȣ6ˋ˝"P+øȠ6ǅ 18.2 °C3Ɋ
G1Ʃʀ6͹̰ʔSȳ&O n-_gv]Sʬ+[i9ʫǟL
=ǒ̖͌ÓS 5.+6Ί5+Gϝºǃϝʬ΀6ǎ%1 D ˀ­Ĕɮ6L
Nɍ5̰ʔSȳ&OˀŤĔʠͤSǞʑ"(+[i9ΪʹȴDPOϞ 
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 7Jªq 
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 8 ¤ ¸ 
ȸˇ˚61:ϝʎʜ̬ʜS̱ɕ̖ǒɴË2OɣkL=ˀŤĔ
y}[iSƊ͝6ϝ)9ʜʠǒϝʜÆΌʡǒϝL=žʬĬ̖ǒ6ά
$1Ŧσʻ5Ɉ͇S̱.+Ϟ˸ɂ3$1ǆMP+˸͘SÀ¢6ˎ&Ϟ 
 
 ˡ2˞61:ϝȟ+6w~kɢʇɸSɸˀ3&OɣkSʫǟ
$ϝĜˀ9ɢʇɸ5M=6ɣkSʜŴË3Ǽ+řı6Ι̻35O͙ʠ
ǒS͌Ó$ϝˡ2˞Mˡ5˞6OʜÆΌžϓ6OŔˍ͢ȜSǆ+Ϟ 
 
 ˡ3˞61:ϝɣkSʠËõğ6ʬ+řı6ʡȳ9ÆʜʡǒSǦ
ȅ&O+Gϝčʜò˧ĺN6Oɣk9ƻĂƊɴʜÆΌʡǒ6/1
žϓʻɈ͇S̱ϝ˸ɂSɸË9Ĝˀɴ3ɞͳ$+˸ɂϝȸˇ˚9˩Ŋñ6
1À¢9˸͘Sǆ+Ϟ 
 
ϛ1ϜÑ͍ɴË3$1ɣkSɴđ"(+řıϝʜɴȻ9¡Ȥ33H6ʜÆ
Όʦ¡Ȥ&OϞ 
ϛ2Ϝɣk:ϝ©6ò˧ĆȠψœ61ɢʇɸLNHϔʜÆΌʦSˎ
&Ϟ 
ϛ3Ϝɴ΂9¡Ȥ33H6ϝĆȠL4Eʔ͹à61:Æʜ×ΆʦÊ¢&OϞ
;6ϝĉμʔ͹à61:Æʜ×Άʦ¡Ȥ&OϞ 
ϛ4Ϝɴ΂9¡Ȥ3ï6ϝʜÆΌʦ9¡Ȥ6Ɗ$1ɣ˫ŵƄ¤&OĊı:Ə"
5.1KϞ 
ϛ5Ϝȸžϓ6LNǆMP+ƬŐʜÆΌʦ:ϝÀ¢6ˎ&Ʒ6L.1̵& 3
2OϞ 
 
  Num = 0.221 Re*0.444 Pr1/3 Ste0.297 
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  (2250Re*4740ϝ17.2Pr20.4ϝ36.5Ste110) 
 
 
 ˡ4˞61:ϝɣkSʬ1˧̌9õğS̱.+řı6OÆʜ
ʧ͝9ǦȅSʾʻ3$1ϝˊʽΗý5M=6ĘϖΗý6OƻĂƊɴʜÆΌ
žϓS̱.+˸ɂϝȸˇ˚9˩Ŋñ61À¢9˸͘Sǆ+Ϟ 
 
ϛ1ϜˊʽΗý61ϝɣ˫ŵò˧̵σ6ŗ˙$1Śʢ35Oψœ61
:ʜÆΌʦÊ¢&OϞ 
 
ϛ2ϜˊʽΗý9˧̌61:ϝɴP6Ƭ̱5ȠĴ6¦T,˧9Ϋ6ɣ˫ŵ
ŗ˙$ϝĜ˧LNHʜÆΌʦÊ¢&OϞ 
 
ϛ3Ϝɣk9ɴ΂¡Ȥ6Ç.1ʜÆΌ6ĥC&Ɗɴ9ƿτŧ5Nϝ
ɣ˫ŵ9̰̓ȓΗ&Oψœ:ˀƊʻ6Ə"5OϞ 
 
ϛ4Ϝɣ˫ŵ9ŗ˙ʹʫ&O549Ðťʻ5řıS9*ϝɣk:ɋ8
ɢʇɸLNHϔʜÆΌʦSˎ&Ϟ 
 
 ˡ5˞61:ϝ΄˽$+ȮNΖSȳ&Oɴͬñ6Oɣk9ɴ
đʡǒ5M=6ʜÆΌʡǒ9͌ÓSʾʻ3$1ϝ/9ʴ5.+ƽʢSȳ
&Oaaƽʢɴͬ6OƻĂƊɴʜÆΌžϓS̱ϝɴͬ9ƽʢL=
͉̋ȠĴ9ƿτ6/1Ɉ͇S̱.+˸ɂϝȸˇ˚9˩Ŋñ61À¢9˸
͘Sǆ+Ϟ 
 
ϛ1ϜΡʿɴPȠĴ9ɴͬ61,aaɴ ͬ9Ơšσ2:,aa
Ζ¡ɴLNH¢ɴ6 1Ɗɴ6LOʜÆΌ@9ƿτŧ.  
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ϛ2Ϝ©ɴšσMĉμ$ɿSƽǟ&Oψœ6 1:ϝšσ6ɬɴ
P3ɣ˫ŵ6äɵċ 9Ĵʴ5Ořıϝɣ˫ŵ6LNƊɴű
MPϝ)P63H5ƔǢʜÆΌʦ:Ê¢&OϞ 
ϛ3Ϝ͍ ϓΖSΡʿȠĴMɢƬȠĴ6͉̋$+ řıϝƠšσ2ɿSƽǟ
$1OψœSβ1ɣ˫ŵƩ6šσ6ɬ.1$Jđ&O 32ʜ
ÆΌʦ¡Ȥ&O.  
ϛ4ϜɴͬùΖ61ɣ˫ŵʊʲŚʢĔ&O 32ƊɴSű,)9
ψœ61ʜÆΌɾƐ&OãĴ͑GMP+. 
 ˡ6˞61:ϝlsakSˀŤĔʠͤ3$1ʬ+ˀŤĔy}[
iSƊ͝3$1ϝ)9ʜʠǒ5M=6ɢƬò˧ñ6OƻĂƊɴʜÆ
Όʡǒ6/1Ɉ͇S̱.+˸ɂϝȸˇ˚9˩Ŋñ61À¢9˸͘Sǆ+Ϟ 
 
ϛ1Ϝlsak6ʱσɳǒĈSɻč&O 32ϝϔûȘŻŽǒSȳ&O
[iSʫǟ&O 3Ĭ̖2OϞ 
 
ϛ2Ϝȸˇ˚2ʬ+[i:ϝɢ3ɞͳ$110-20 Û˖Ʋϔ˭ǒÖș
Sȳ&OϞ 
 
ϛ3ϜÑ͍[i:ϝò˧ñ9ƻĂƊɴʜÆΌ61ɢ91/8-1/2˖Ʋ9
ÊʜÆΌʦSˎ&Ϟ 
 
 ˡ7˞61:ϝDˀ­ĔɮSΏʬ$1ʫǟ$+ˀŤĔy}[iS
Ɗ͝6ϝžʬʪşSɐ$1čʜõğgXaS̊Nͺ$ϝ)9Ćǃ6Oǒ
̖ŻŽǒ9͌ÓS̱.+˸ɂϝȸˇ˚9˩Ŋñ61À¢9˸͘Sǆ+Ϟ 
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ϛ1ϜDˀ­Ĕɮ6LNϝϔûȘŻŽǒ3čʜϦõğ9̊Nͺ$6Ɗ&Ȏªǒ
Sȳ&O[iSʫǟ&O 3Ĭ̖2OϞ 
 
ϛ2Ϝȸˇ˚2ʬ+[i:ϝɢ3ɞͳ$12-3Û˖Ʋϔ˭ǒÖșSȳ
&OϞ 
 
ϛ3ϜʱσɳǒĈʒƲ9¡Ȥ6Çϝ[i9˭ǒÖșŠč&OϞ 
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º ¿ 
ė
ÂÊĻŲÅyLOLOċ`OÂÊÇŕţŭŗűI`OÂÊTĹĞěĴãŏ
ōĮņĺĵĚŋŲòĻŲKĢĺęĺĦ[ŲĦ2)ĹŉŋRxĹÜŋŃĨĮųĥĥ
Ĺ¬ĢótŐäħĬĴĐġŃĪųė
e¯â¡ĹĻŲĹòśŧŇÂÊĀG;ĹĞěĴŲdĹ²OŇņĺ
ĳĢŋÞĹĞģŌĕĸÁôŲ×ĝŐĝĴěĮįġŲĎdĹKĢĺĥĶŐOļĬ
ĴěĮįġŃĨĮųŃĮŲÂÊĹĊĨĴěĲņ'9ġĸ+êŐħıĮĺĵŲÂÊŐ
ĀŅŌĹĚĮıĴLġĸ,ńĶĸŋŃĨĮųĥĥĹ¬ĢuóĺtŐäħĬĴěĮįġŃ
Īųė
^3("ĹĻŲÂÊÞĹŏĮŋĦ[ŐĐġŲ²OŇ²)OĺFÃ½
ĸ
ğŊÂÊĺĀŅŲòĺEÌŲYĺĀöĹěĮŌŃĵŲ²kĸĦ[ŐĐ
ěĮļğŋĵĸĢŲĞmĨěŲÂÊ JŐ@ŏīĹěĲĵņÀñĹ	ıĴěĮįġ
ŃĨĮųŃĮŲÂÊĹĞěĴĻěĲĵņÆĺpŐąőĩĴħŋŲÆĺÜŊĸħğ
ŊÂÊĠāęĶĨĴĀŃĸěŉĜĸĶġņWLĸ¿ĵèQıĴěĮįġŃĨĮųĥĥĹ¬
ĢuóĺtŐäĨŃĪųė
¼+ĹĻŲņıĶņfĖĺûě?ĶĨĴŲěĲņĞħőĺŉĜĹéĨĢ
ĨĴěĮįġŃĨĮųÂÊĹĊĨĴĻņİŎőĺĥĶŲÂÊØĶĨĴĺĚŋŇŲBČ
ªĹ9ģĮkĝĸķŲĞěĪŌŃĵĻðņĝĴĢįħŊĸğıĮÁrŐĮĢħ
őģĴěĮįġŃĨĮųŃĮŲ¸ĠÜŊĸěÆĺĥĶŐěĲņĹĥŇğĹçŅĴĢ
įħıĮĥĶĻŲÂÊŐĪŌĵĥĺĸě,ńĶĸŋŃĨĮųĥĥĹ¬ĢuóĺtŐä
ěĮĨŃĪųė
ŢŪűūűŘbËLOĺ^ö£æĹĻŲĘ ŰĉĺÍB»OŲÂÊŐĻĩŅ
ĶĨĮ¶Dĺ¸©ĺĚŊňŌďĵĞíŐĨĴěĮįġŃĨĮųė¸ĻŲĨě·H
ĵ6ņaņŏğŊĸěÆĹÝ=¬ěÂÊŝűŦŐĝĴĢįħŋŲķőĸĹĞmĨě
ĵņlīÂÊĺÀñĹ	ıĴĢįħěŃĨĮųŃĮŲ}ĹĿōĴÆŐĒ
ĹîıĴĢį
ħıĮŋŲĦÛPĹĞġĢįħŌĸķŲěĲĵņÆĺĥĶŐ¦ĹğģĴħěŃĨĮųŃ
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ĮŲĮěŀőĞmĨěĸğĹĚıĴņŲO¸ĺŮťűşëŐĪŁĴĦÛøĵãŏō
ŌĸķŲ¸ĺÚĹXĪŌ²kĸĦM/ĹĻZĺnĠÐĝŃĬőųĮĢħőĦü
sŐĞğģĨĴĨŃěŃĨĮĠŲ¸ĺĵĂĦħĬĴĐěĮĘŰĉŲhĹğģĠ
ĝĺĸěÏĔŐħĬĴěĮįġŃĨĮųĥĥĹŲuóĺtŐäħĬĴěĮįġŃĪųė
OĄ¸ŲÆĺ1òEÌŐ)ĵřťűşĨĴħıĮ0«ăÒ7ÂÊ¢
Ù?ŲeĆÕ¡¥ĹĻŲLOċĀOiņ8ĩÂÊ$ĆĺùĶĨĴÂÊĹĊĪ
ŌęĺŒŠŤŔŚŐĐěĮļğŋĵĸĢŲĞěĪŌĮľĹ ęĸ$Ćĺĕĸí
đŐĨĴěĮįġŲĨěŐĂĦħĬĴěĮįġŃĨĮųĥĥĹ¬ĢuóĺtŐ
äħĬĴěĮįġŃĪųė
ũůŜš_ËLO+ŲRyan Anderson¥ĹĻŲŢŪűūűŘbËLOŀĺ»O
ŲěĲĵņÂÊĹĊĪŌŒŠŤŔŚŐĨĴěĮįġŃĨĮų%ğŊiŃĵŲÆĺ
áíĺÜŊĸħğŊĦüsŐĞģĨĴĨŃěŲěĲņqÔĨĴěĮ¦ĠĨŃĪĠŲ
ĭōĹņğğŏŊī²kĹíĨğģĴĢįħıĮĥĶĵŲĸőĶğŒŨŬŖĹĞģŌÂÊ
ŐŇıĴěĢĥĶĠĵġĮĶĶņĹŲĥĺĸěáíĺÓŐÉŃĬĴĐġŃĨĮųĮ
ĢħőĦüsŐĞģĨĴĨŃěŃĨĮĠŲğģĠĝĺĸěÏĔŐħĬĴěĮįġŃĨ
ĮųĥĥĹuóĺtŐäħĬĴěĮįġŃĪųė ė
ŃĮŲÅyLO`OĄ¢`OÇŕţŭŗűI`OÂÊTĹĞģŌŲ8Â
ÊØĺ¾ ĺĦ2)ĸĨĹĻŲ§ĨĴòŐRxħĬŌĥĶĻĵġŃĬőĵĨĮųė
ÂÊTĹĞģŌ%ŅĴĺ8ÂÊØĵĚŌ¨KĆ<e¥ĶĻŲŃįĭōłķS
ĔåÖĺKĢĸěSĔTĵŃıĮĢÁĺSĔåÖŐìãĈïĨĸĠŊ&ĨŲÁr
Ő#ĨĚěĸĠŊKĢĺSĔŐĨĮĥĶĠvğĨĢoě#ħōŃĪųŃĮòĹĻŲ
¨KĆ¥ĺ{Ĺŉŋ4čħōĮSĔŞűŜğŊjŊōĮxĠKĢ:ŃōĴĞŋŃĪų
ĥĥĹŲ¬ĢuóĺnŐäħĬĴěĮįġŃĪųė
´¹g¡¥ĻŲ|ěĸōĸěSĔåÖŐAààĨĸĠŊ5ŋ|ěŲw>ĹSĔ
ŞűŜĺ4čŐĨĴĢįħŋŲÜŊĸěùĵĚŌÆĹŉĢĲěĴġĴĢįħěŃĨĮųė
OĄ¸ĹÂÊĹŏıĴħıĮ\U~¥ĻŲLOċĀOiĹĺŝ
űŦĹÈŊōĮiņŲ8ĩ²`O$ĆĹĞģŌÁôŐĨĚĜļğŋĵĸĢŲÂÊ 
JŐ@ŏīĹ ęĸõòŐŏĪĥĶĵSĨĮĉŐĂĦħĬĴěĮįġŃĨĮų
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ĥĥĹuóĺnŐäħĬĴěĮįġŃĪųė
ćN®¥ĻŲÆĠŒŨŬŖ»OĵCĺĉŲµÛĹĊÿĪŌÂÊŐĀŅĴěĴĢ
įħŋŲcBiĺÆĹKĢĺÁèŐĝĴĢįħěŃĨĮųė
±­¥ĻŲįŊĨĸěÆĶĻX°½ĹĎdĹĴġĽġĶÂÊĹ5ŋÎńŲěĲ
ņ×ĝĥńĠİĸÆŐã-ĹēŋËĴĴĢįħěŃĨĮųė
ĥĥĹ¬ĢuóĺtŐäěĮĨŃĪųė
ÂÊTĺùĹĻŲÂÊĹĊĨĴ ęĸĦ[ŲĦ2)ŐĐġŲ*ĝĴÂÊ
 JĵSĨĮĉŐĂĦħĬĴĐġŃĨĮų¬ĢuóĨĴĞŋŃĪųė
8Ųiùĺ¾ ĶĻŲÂÊT¸©ÞŐþĩĴŲŉŋßěņĺŐŋĚĤŌŁĢŒ
ŔŞœŒŐ#Ĩ7ěŲÁôŐĨĚěŲŃĮ!ñŐêěĚĜĥĶĵSĨĮĉŐĂ
ĦħĬĴěĮįġŃĨĮųĥĥĹuóĺtŐäĨŃĪųė
ŃĮŲÆĠĥĺÂÊTĹz]ĨŲÛºĸĢĨěęŐýŌĮŅĺ·HŐdĹ
ĨÑģĴĢįħıĮ³¤ŐĻĩŅĶĪŌVĹŲ¬ĢuóĨĴěŃĪųė
iĹĸŋŃĨĮĠŲĥĥĹ¾ ĺŲŃĪŃĪĺĦ©÷ĶĦ.ŐĞÄŋĨŲóúĶě
ĮĨŃĪųė
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